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The overall aim of this project is to evaluate the resilient modulus of asphalt mixes 
containing various proportions of recycled asphalt. The resilient modulus is an 
important parameter used in the Austroads mechanistic design procedure and is an 
indicator of the potential fatigue life of a pavement. This study seeks to verify the 
current guidelines for asphalt recycling in Australia and also previous experimental 
work. It will supplement existing data and may inspire further research.  
 
The mix design tested was a dense grade 20 mm base course, in batches comprised of 0, 
15, 30, 45 and 60% recycled material. For the 30, 45 and 60% mixes, the bitumen 
binder was lowered by one grade to assess how effectively this compensates for the 
recycled binder ageing. The indirect tensile test method AS2891.13.1 was used to 
determine the resilient modulus of the asphalt samples. 
 
In general, it was found that increasing the proportion of recycled material increased the 
resilient modulus, which agreed with previous studies. However, it was found that there 
was a significant increase in the modulus of the 15% mix, despite claims that this 
should not significantly affect pavement performance.  It was also found that lowering 
the binder grade could potentially overcompensate for the hardened binder, producing 
softer pavements, which could be at increased risk of rutting. It was concluded that the 
current Australian guidelines are not sufficient to make the most effective use of 
recycled asphalt and further studies are required.  
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Asphalt is a flexible composite material used almost exclusively in road and highway 
construction worldwide. Around 90% of paved highways have an asphaltic surface 
layer (Thom 2008, p.7) and it can also be used as base course material. Due to the 
ongoing need for new road construction, expansion and maintenance, asphalt remains in 
high demand. 
The main constituents of asphalt are bitumen, which is the residue left over from the 
distillation of crude oil, and rock aggregates. While there is no immediate shortage of 
rock deposits, oil is becoming scarce and more difficult to extract, thus the cost of 
manufacturing asphalt from virgin materials is increasing with rising oil prices. This has 
encouraged a trend towards recycling of worn out road surfaces known as reclaimed 
asphalt pavement (RAP) for use in new asphalt production. 
Traditionally, the intent of asphalt recycling was to reuse the aggregate component of 
the pavement only, with no regard for the bitumen content as a recyclable resource 
(CIV3703 Transport Engineering: study book 2012, p.223). There are obvious savings 
that arise from reduced quarrying, transport and waste disposal requirements through 
the reuse of milled pavements as aggregate. However, with rising bitumen prices 
modern recycling techniques aim to make use of the existing binder. As the old binder 
has aged and become stiffer, it must be rejuvenated either in place or through plant 
processing to restore its rheological properties. 
RAP has been used extensively in asphalt production in Europe and the USA, where it 
has been estimated that 80% of all RAP (73 million tonnes) is used as road material 
each year (Austroads 2009, p.18). Most Australian State Road Authorities now allow a 
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proportion of RAP to be used in Hot Mix Asphalt (HMA) production, with 50% of all 
RAP obtained used to this end and most of the remainder used in base courses. The 
existing road network is a valuable resource, but further research is needed to ensure it 
is utilized most effectively. 
1.2 Objectives 
 
This project seeks to evaluate the mechanical characteristics of asphalt containing 
various proportions of recycled asphalt compared with a virgin mix and to verify the 
current Austroads specification for hot-in-place asphalt recycling (refer Appendix A). In 
particular, the resilient modulus (E), an important parameter in the mechanistic design 
procedure, will be determined for each mix design. This is important because it gives an 
indication of stiffness, which in turn gives an indication of susceptibility to pavement 
cracking due to fatigue. 
The objectives of this project are as follows: 
1. Research background information and previous experimental work undertaken 
on the mechanical properties of recycled asphalt.  
2. Investigate current standards/specification for recycled asphalt use in Australia.  
3. Review test methods for resilient modulus and define testing regime for 
samples.  
4. Review mix design procedures and prepare batches with varying amounts of 
recycled asphalt.  
5. Conduct laboratory tests to determine resilient modulus of various mix designs.  
6. Report and analyze data, with regard to current specifications.   
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1.3 Overview of Dissertation  
 
 The following is a brief overview of each chapter in the dissertation.  
Chapter 2 Literature Review   
This chapter is a review of previous experimental work undertaken to evaluate the 
properties of asphalt containing RAP.  It also gives an overview of the current 
specifications for asphalt recycling in Australia. 
Chapter 3 Recycling Methods  
This chapter outlines current methods for recycling asphalt. It describes in-plant and in-
place methods as well as bitumen rejuvenation agents.  
Chapter 4 Preliminary Materials Tests  
This chapter describes the test methods used to evaluate the important parameters of the 
raw materials used in creating the mix designs.   
Chapter 5 Experimental Methodology  
This chapter gives a detailed description of the mix design procedure and test methods 
used to evaluate the resilient modulus of asphalt samples. It also presents the 
calculations used to evaluate volumetric properties and predict the fatigue life of a 
pavement.  
Chapter 6 Results and Discussion 
This chapter presents a summary of the test results obtained in this project. A discussion 
of the results is provided along with a number of summary charts.  
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Chapter 7 Summary and Conclusion 
This chapter summarizes the key findings of the project and draws conclusions with 
regard to the current guidelines for asphalt recycling in Australia.  
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Chapter 2 Literature Review 
 
2.1 Experimental Review  
 
2.1.1 Effect of RAP on properties of asphalt 
 
The properties and performance of asphalt rely heavily on the volumetric composition 
of the mixture. Swamy et al. (2011) conducted testing on laboratory produced asphalt 
mixtures containing varying amounts of RAP. It was found that the addition of up to 
15% RAP had negligible effect on volumetrics, but above this threshold the voids in 
mineral aggregate (VMA) both increased and decreased for two mixes prepared from 
different sources. Clarifying this ambiguous result, Solanki et al. (2012) found that the 
VMA increased with higher RAP content, from 1.7% to 6.4% due to an increase in RAP 
content from 25% to 40%. The reason for this was attributed to incomplete blending of 
RAP binder with virgin binder due to insufficient heating of materials. This leads to a 
coarser grading and increased VMA. This result validates the current practice of 
allowing up to 20% RAP without having to take account of its properties (Austroads 
2009, p.18) 
Swamy et al. (2011) also found that the average dynamic modulus (E*) curve and 
strength increased with increasing RAP content up to around 25%, then decreased. This 
result was repeated in the experiments undertaken by Solanki et al. (2012), where E* of 
asphalt mix with 40% RAP was up to 81% higher than the 25% RAP mix. Goh and You 
(2008) investigated the effect of 15% RAP on E* and pavement rutting. They found that 
E* increased with the addition of RAP on samples compacted to 4% air voids, but there 
was no significant difference for samples compacted to 7%. This result shows that the 
mechanical effects of adding RAP to a mixture are dependent on the level of 
compaction and at 7% air voids, the effects may not be significant. Physical tests found 
that the level of rutting was decreased by 24% with this proportion of RAP. However, 
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an analytical model found that there was less of a decrease in rutting potential. The 
analytical model accounted for the influence of climate, traffic volume, pavement 
structure and properties and mixture volumetrics to better represent service conditions 
of the pavement. In another study on the effects of RAP on porous asphalt, a similar 
result was found. For a mix containing 15% RAP, E* was higher than the control mix 
(Goh & You 2011). 
Huang, Shu and Vukosavljevic (2011) conducted a number of laboratory performance 
tests to characterize the cracking resistance of HMA containing screened RAP. It was 
found that the presence of RAP increased the resilient modulus but decreased the 
fracture energy. This important result indicates that increasing the RAP content 
increases the stiffness of the mixture and lowers the fatigue cracking resistance. This 
can be beneficial in terms of rutting resistance as higher stiffness values indicate better 
resistance to permanent deformation (Papagiannakis & Masad 2008, p.143). These 
effects were only slight for up to 10% RAP, but were more significant for 20-30% RAP. 
The increase in stiffness can be attributed to the ageing of the binder component of the 
RAP. Experimentation by Hossain, Solanki and Zaman (2012) confirms that recovered 
binders from RAP are significantly stiffer than virgin binders of the same grade. 
Binders were also found to be about four times more viscous. 
2.1.2 Factors Affecting Resilient Modulus 
 
There are a number of factors that can influence the value of resilient modulus, which 
will need to be controlled to ensure test results are consistent. Experimentation by 
Ghaffarpour Jahromi and Khodaii (2009) has found that the most significant factor is 
the maximum nominal aggregate size. It was found that a coarser grading yielded a 
higher Mr due to greater particle to particle contact. This factor will be controlled in 
testing, as each mix design will be prepared with the same grading, but with varying 
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amounts of screened RAP. The most significant 3 level interaction affecting Mr is 
specimen diameter, thickness and aggregate size. Hence, maintaining uniform geometry 
of specimens is critical in order to make a meaningful comparison. The diameter and 
aggregate size will be consistent amongst specimens, but the thickness has a tolerance 
of 50 + 20, -15 mm (AS2891.13.1, Table 2). Best efforts will be made to prepare each 
specimen with uniform thickness to ensure that this does not unduly influence the 
results of the tests. 
Austroads (2012, p.65) has published a table that shows the effect of increasing 
particular properties of asphalt on the modulus. This is reproduced below in Table 1. 
Most of these factors will be controlled for each test, like temperature and rate of 
loading, both of which have a significant impact on the modulus. However, mix 
properties such as density are likely to fluctuate depending on the proportion of RAP 
added and the density of those aggregates relative to the virgin aggregates. For mix 
designs with greater than 15% RAP, it is expected that there will be significant changes 
in density, age, bitumen viscosity and air voids, all of which will be affecting the 
stiffness of the mix in their own way. This means that any change in resilient modulus 
will not be solely due to the effect of binder ageing and it should be noted that a mix 




Table 1 - Factors affecting modulus of asphalt and effect of increasing factor values (Austroads 
2012, p.65) 
Factor Effect of Increasing Factor 
Proportion of coarse angular particles Increase 
Density Increase 
Stress level No change 
Age Increase 
Extent of cracking Decrease 
Efficiency of mixing Increase 
Bitumen content Increase then decrease 
Bitumen class Increase 
Bitumen viscosity Increase 
% Air voids Decrease 
Temperature Decrease 




2.1.3 Field Trials Using RAP 
 
Woodside et al. (2000) studied the effects of adding various amounts RAP to 
conventional asphalt by conducting a field trial on an industrial road in Alton, 
Hampshire. Three separate sections of a 45 mm surface layer were paved with asphalt 
containing 10%, 30% and 50% RAP. The asphalt was mixed in a conventional batch 
plant and laboratory tests were undertaken to assess the performance of each mix. It was 
found that in general, the higher RAP content, the lower the bitumen content extracted 
from the mix. Samples were compacted using the Marshall method to perform Cantabro 
testing. The trend in the data implied that as the RAP content increased, so too did the 
durability of the specimens. 
A repeated load indirect tensile test was used to determine the elastic stiffness of core 
samples taken from job site. It was found that the mean stiffness of all the cores 
containing various amounts of RAP was 134% higher than a typical stiffness value for 
the same mix design using only virgin aggregates. However, the validity of this result is 
questionable as the site conditions were very poor with heavy rain at times. 
Nevertheless, rolling temperatures were reportedly within acceptable limits and the 
results give a general idea of what is to be expected. This is of high concern as 
pavements with high stiffness are more susceptible to cracking. 
2.2 Current Specifications for Recycling in Australia 
 
The actual specifications and requirements for asphalt recycling vary across the States 
in Australia. The National Asphalt Specification (AAPA 2004) provides guidance, 
stipulating that separate mix designs shall be prepared for all mixes containing RAP and 
that a change in the proportion of RAP constitutes a design change. It allows for up to 
15% by mass of RAP to be incorporated into all dense graded asphalt mixes. Mixes 
containing between 15 and 30% RAP are permitted for dense graded mixes, but exclude 
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heavy and very heavy duty wearing courses and mixes containing polymer modified 
binders. For these mixes, the bitumen binder class may be lowered by one grade in 
viscosity to compensate for the aged binder of the recycled material. Greater than 30% 
RAP is permitted in asphalt mixes, but the Contractor must implement strict quality 
controls.  
 
In Queensland, the Department of Transport and Main Roads (2010 p. 10) has placed 
much stricter limits on asphalt recycling, allowing a maximum RAP content of only 
15% by mass of mix. Furthermore, recycled asphalt may only be used for dense graded, 
non-surface layers with conventional bitumen or multigrade binders. The minimum 
processing requirement for RAP material is crushing and screening to ensure the 
maximum particle size is no greater than the maximum aggregate size of the mix with 
which it is to be blended. The material must be in a free flowing condition prior to its 
use and be free from tar and other contaminants.  
 
Austroads (2009 p.18) suggests that an asphalt pavement with small quantities of RAP 
can provide equivalent performance to conventional mixes, in terms of rutting, raveling, 
weathering and fatigue cracking. It is stated that up to 20% RAP has little impact on 
mix properties and no change to mix design procedures or production is necessary, as 
long as separate designs are prepared for recycled mixes. Similar to AAPA’s 
specification, Austroads recommends lowering the bitumen by one grade for mixes 
containing 20 – 40% RAP to account for the aged binder. For higher proportions of 
RAP, further preprocessing is recommended. The raw material should be screened into 
separately sized fractions to exercise better control over mix uniformity.  
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The practical limit for using recycled asphalt in conventional plants is around 50%. This 
is due to limitations in heat transfer from the virgin aggregates to the cold RAP material 
and excessive hydrocarbon emissions. Also, the additional cost of preprocessing and 
quality control measures begins to outweigh the benefits of recycling.  
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Chapter 3 Recycling Methods  
 
3.1 Overview of Asphalt Recycling 
 
RAP is obtained from existing roads and highways that are in need of maintenance. 
This could simply involve a new overlay, where only the surface layer is milled down to 
keep the new pavement within height limits or a complete full depth reconstruction. At 
large scales, this is performed by purpose built road profiling machines that use a 
rotating cutter drum to tear away the pavement (see Figure 1). These can profile a width 
of up to 2 m at a depth of 300 mm in a single pass (RPQ 2013). 
 
Figure 1 – Road Profiling Machine Milling Asphalt Pavement (RPQ 2013) 
 
Asphalt recycling can be divided into two main categories: in-place or in-plant. As the 
name suggests in-plant recycling takes place at an asphalt manufacturing plant. The 
RAP must be transported from the job site back to the plant and thus it is more common 
in urban areas, where travelling distances are not so high. In-place recycling takes place 
on the site where the pavement is being milled. It is more common on rural roads, 
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where transport costs for in- plant recycling would be high. However, mobile plants 
may be used on large rural projects, which may make it feasible to utilize in-plant 
recycling. 
A further subdivision is commonly made based on the temperature to which the RAP is 
heated in the recycling process. These are: cold (<70°C), warm (70°C - 120°C) and hot 
(>120°C). This is an arbitrary division and the level of heating depends on various 
factors which will not be expounded upon here. 
3.2 In-Plant Recycling 
 
The in-plant recycling process is fairly straight forward, although conventional plants 
require minor adjustments to utilize RAP in production. RAP is obtained by milling and 
may be crushed and screened to improve homogeneity. Separate stockpiles are 
necessary and RAP of different mix types and from different sources should be kept 
separate, as their properties can be highly variable. RAP on the surface of a stockpile 
has a tendency to agglomerate and would require further crushing before it can be fed 
into a plant. 
The RAP may be dried and can be fed in after the drum, in the middle of the drum or 
parallel to the drum, depending on the plant setup. It is mixed with new binder or virgin 
asphalt, depending on the application and mix design requirements. Further binder 
ageing occurs at this point due to reheating, but this can be minimized by devices such 
as the counterflow drum mixer and microwave heater. These can also serve to reduce 
hydrocarbon and dust emissions which are a health and environmental concern. The 
microwave heater works on the principle that more microwaves are absorbed by the 
aggregate than the bitumen, which reduces binder ageing, but requires much more 
electrical energy to operate. Nevertheless, these plant alterations can allow for RAP 
contents of up to 100% to be used. 
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3.3 In-Place Recycling 
 
In-place recycling has the advantage that transportation and storage are not necessary 
and the procedure can take place all at once on site. The four main categories of in-place 
recycling are remixing, repaving, retread or deep recycling (Read & Whiteoak 2003 p. 
413). Remixing involves heating and milling the surface down about 20 mm, mixing the 
filings with new binder and/or asphalt and then re-laid as the final pavement. Repaving 
is a similar process, where rejuvenator may be added to improve the aged binder 
properties, but no fresh asphalt is added to the RAP. The mixture is spread and overlain 
with fresh mix. The main advantage of repaving over remixing is that it is cheaper and 
better results in a higher quality final wearing surface as it is 100% virgin asphalt.  
Retread and deep recycling are cold recycling methods. Retread involves milling the 
pavement down to about 75 mm, breaking down the reclaimed material to the required 
size and reshaping the road profile. The material is then sprayed with a bitumen 
emulsion several times, compacted and sealed with a surface dressing. If the existing 
road base has been found to have inadequate bearing capacity, then full depth 
reclamation (deep recycling) may be utilized. This involves milling the full depth of 
pavement and mixing the RAP with the granular base material, which may then be 
stabilized and replaced before overlaying with a new asphalt layer. 
3.4 Bitumen Rejuvenation 
 
The bitumen component of reclaimed asphalt becomes stiffer due to ageing effects in 
service and also through the recycling process. The mechanisms of ageing are primarily 
oxidation, evaporation, exudation and physical hardening (Karlsson & Isacsson 2006, 
p.83). There are a number of materials that can be added to RAP to restore the old 
binder properties to a degree, which are herein referred to as rejuvenators. 
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Austroads (2009, p.18) suggests adding a bitumen that is one grade softer than that 
otherwise specified, where a mix contains 20-40% RAP. In addition to incorporating 
softer bitumen, bitumen emulsions, cutbacks and foamed bitumen may be added to 
lower the viscosity of the aged binder. Softening agents include asphalt flux oils, lube 
stock, crankcase oil and slurry oil, all of which are intended to simply lower the overall 
viscosity of the binder. Whereas true rejuvenating agents such as lube extracts and 




Chapter 4 Preliminary Materials Tests 
 
 
Before the mix design procedure can take place, the raw component materials must be 
tested (refer Appendix B). Each individual aggregate grading must be known and the 
bitumen content and grading of the RAP material must be known.  
 
The raw aggregates types used for the various mix designs are 16 mm, 10 mm, 5/7 mm, 
Crusher Dust, Fine Sand and Hydrated Lime. The RAP material has been crushed and 
screened to a maximum size of 14 mm (see Figure 2). Conventional C600 and C320 
bitumen was used for the binder. 
 
 




4.1 Aggregate Grading 
 
The particle size distribution of each aggregate type was determined using test method 
Q103B (Department of Transport and Main Roads 2012).  This test method is based dry 
sieving and is applicable to coarse and fine aggregates as well as filler material.  
4.1.1 Apparatus Required 
 
• Balance 
• Sieve set 
• Sieve brushes 
• Oven 
• Drying containers 
• Mechanical sieve shaker 
4.1.2 Procedure 
1. Prepare the test sample in accordance with Q101. 
2. Weigh the empty drying container and record its mass (g). 
3. Place the aggregate sample in the container and dry in the oven until the sample 
has reached a constant mass. Record the dry mass of the sample and container 
(g). 
4. Place the sample in the top sieve of the sieve set appropriate for the nominal 
aggregate size.  
5. Place the sieve set in mechanical sieve shaker and run for 15 minutes. 
6. Remove the sieve set from the shaker and weigh the aggregate retained on each 




Note: It is necessary to check each sieve by hand sieving before weighing the final 
retained mass of aggregate. Check sieving is complete when no more than 1% of 
material passes through the sieve after 1 minute of manual agitation.  
4.1.3 Calculation 
The percentage of material passing each sieve is calculated as follows: 
 
𝑃 = 100− 100𝑀𝑚! −𝑚! 
 
where  P = percentage of material passing an individual sieve 
  M = cumulative mass retained on each sieve (g) 
  m1 = mass of empty container (g) 
  m2 = mass of container and dry aggregate (g) 
  
 19 
4.2 RAP Bitumen Content and Grading 
 
The bitumen content and grading of the RAP material was tested in accordance with 
Q308A (Department of Transport and Main Roads 2012). This test method is based on 
a solvent extraction technique to determine the bitumen content and sieve analysis to 
determine the grading.  





• Fume cupboard 
• 2L conical flask fitted with stopper 
• Double surface condenser 
• 100 mL beaker 
•  Aluminium containers with lids (100 mm diameter) 
• Metal trays 
• Sieve set 
• Sieve brush 
• Mechanical sieve shaker 






The following procedure was carried out on two separate test portions of RAP material. 
The average of these two results was then used in the mix design calculations. 
 
1. Riffle down a representative test portion of RAP of approximately 1200 g from 
the bulk material. 
2. Place sample in metal tray and dry in the oven to constant mass.   
3. Weigh the flask and stopper and record its mass to the nearest 0.1 g.  
4. Transfer the test sample to the flask and weigh the flask, stopper and sample to 
the nearest 0.1 g. 
5. Fill the flask with an amount of toluene no less than the mass of the sample. 
6. Fit the condenser to the flask and warm on the hotplate in the fume cupboard. 
Shake regularly until the binder has completely dissolved (10 – 15 minutes).  
7. Remove the flask from the hotplate and allow to cool to room temperature. 
8. Remove the condenser and replace the stopper. 
9. Weight the flask, stopper, sample and solvent and record its mass to the nearest 
0.1 g. 
10. For two separate aliquots, transfer at least 15 mL of solvent to the centrifuge 
tubes and centrifuge for 15 minutes to separate out any suspended minerals.  
11. Weigh two aluminium containers with lids and record their masses to the nearest 
0.001 g.  
12. Transfer the two separate aliquots to the two separate containers and weigh them 
with lids immediately. Record the mass to the nearest 0.001 g.  
13. Remove the lids and place the containers on the hotplate set to 305 ± 10°C in the 
fume cupboard. Once the solvent has evaporated and fumes begin to rise from 
the remaining binder, start the timer and allow the fuming to continue for the 
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predetermined calibration time. It is likely this will occur at separate times for 
each container and thus should be timed separately.  
14. Immediately after the fuming time is complete, remove the containers from the 
hotplate, replace the lids and allow them to cool to room temperature.  
15. Weigh the containers with their lids and residual binder to the nearest 0.001 g.  
16. Pour the solution remaining in the flask over a 75 µm sieve, discarding that 
which passes the sieve. 
17. Add fresh solvent to the flask and shake vigorously to wash the aggregate.  
18. Repeat steps 16 and 17 until the aggregate is clean and free from binder.  
19. Pour the bulk aggregate into a metal tray. Rinse the flask over the 75 µm sieve 
and then rinse the fines from the sieve into the tray. 
20. Dry the aggregate on the hotplate in the fume cupboard and allow to cool to 
room temperature. 
21. Place the aggregate in the sieve set and mechanically sieve for 15 minutes. 
22. Weigh the aggregate retained on each sieve and record the cumulative mass to 




The binder content for each aliquot is calculated as follows: 
 
𝐵! = 𝑚! −𝑚! 𝑚! −𝑚! 100𝑚! −𝑚! 𝑚! −𝑚!  
 
where  Ba = binder content based on one aliquot (%) 
  m1 = mass of flask and stopper (g) 
  m2 = mass of flask, stopper and sample (g) 
  m3 = mass of flask, stopper, sample and solvent (g) 
  m4 = mass of aluminium container and lid (g) 
  m5 = mass of aluminium container, lid and solvent (g) 
  m6 = mass of aluminium container, lid and residual binder (g) 
 
The total mass of aggregate is calculated as follows: 
 
𝑚 = 𝑚! 100− 𝐵100  
 
where  m = total mass of aggregate (g) 
  ms = total mass of sample (g) 
  B = average binder content of sample (%) 
 
The percentage of aggregate passing each sieve is calculated as follows: 
𝑃! = 100− 100𝑀𝑚  
where  Pp = percentage of aggregate passing sieve (%) 
  M = cumulative mass retained on sieve (g) 
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Chapter 5 Experimental Methodology 
 
5.1 Mix Design of Recycled Asphalt 
 
In general, the purpose of asphalt mix design is to optimize the engineering properties 
of a pavement in service. Consideration is given to durability to maximize the service 
life of the pavement, as well as serviceability to ensure that a safe and comfortable 
surface finish can be achieved. The procedure involves the selection of various 
aggregate types, proportions, binder type and binder content that will yield the desired 
pavement performance in service.  
 
When incorporating RAP material into a mix design, consideration must be given to the 
potential yield of binder and grading of this product. This requires testing to be 
conducted prior to mix design so that proportions can be adjusted accordingly. Once a 
trial mix design has been prepared, samples are then batched up in order to conduct 
volumetric and mechanical testing.  
 
For the purpose of this research project, an existing approved mix design has been 
selected to carry out the experimentation (see Figure 3).  The design is for a dense grade 
20 mm base course, which is in common use throughout Queensland and would be 
approved for RAP utilization. Note that the 0.5% proportion of baghouse fines was 
exchanged for an extra 0.5% crusher dust, due to availability of materials. A control 
batch comprised of only new material (C600 binder) was mixed and tested to provide a 
benchmark to compare results. A batch with 15% RAP (C600 binder) was tested to 
assess whether using the same grade of binder produces comparable results for mixes 
with 15% RAP.  Batches incorporating 30%, 45% and 60% RAP were also tested. 
However, one grade softer binder (C320) was used to assess how effectively this 
compensates for the binder hardening of the aged binder of the recycled material.
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Figure 3 - Dense Grade 20 mm Mix Design 
    
5.2 Batching of Mix Designs 
 
The preparation of materials and batching of mixes was carried out in accordance with 
the guidelines set out in Austroads Guide to Pavement Technology Part 4B: Asphalt 
(2007).  
5.2.1 Aggregate Preparation 
Firstly, the total mass of each type of aggregate was calculated based on the individual 
source material grading and the target grading for each mix design (refer Appendix C). 
Because it is difficult to obtain the required quantity of filler material (<75 µm) after 
sieving, it was necessary to weigh up twice the mass of aggregate that would otherwise 
be required for the batch size. The required amount of each type of aggregate was 
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weighed out and retained separately in individual containers. To ensure the target 
grading for each mix design could be precisely weighed out, the bulk aggregates were 
sieved to separate out each individually sized fraction (see Figures 4 & 5).  
 
 
Figure 4 - Sieving Bulk Aggregates 
 
Figure 5 - Individually Sized Fractions 
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The separated aggregates were then washed with water in order to remove any adhering 
dust (see Figure 6). This ensured that the proportion of filler material could be strictly 
controlled. It is essential that the aggregate grading is kept uniform between each batch 
in order to make a meaningful comparison of results. Additional check sieving was also 
carried out at this stage by agitating the sieve by hand while washing.  Even after 
mechanical sieveing, it is common to find additional particles will pass through after 
hand sieving.  
 
After washing, the aggregates were placed in an oven maintained at 110°C for a period 
of 24 hours to dry. Once dry and cool, the aggregates were ready to be batched up.  
 
 
Figure 6 - Washing Aggregates 
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5.2.2 Mixing Asphalt Batches 
There is a particular emphasis on conditioning of bituminous materials in the current 
mix design procedure. This is due to the fact that exposure of the binder to air at 
elevated temperatures can lead to a significant increase in viscosity due to oxidation 
(Austroads 2007, p. 132). This is particularly troublesome for the resilient modulus test, 
which is very sensitive to binder viscosity. Therefore, every effort has been made to 
follow specified heating, mixing and conditioning times where practical. 
 
The binder samples were placed in an oven and heated to a temperature of 155°C to 
ensure that they were fluid enough for mixing and coating of the aggregate. Also, the 
individual aggregate fractions were weighed out for each design and combined 
accordingly. These were then heated on a gas burner, excluding the filler material, 
before commencing mixing (see Figure 7). 
 
Figure 7 - Heating Aggregates Prior to Mixing 
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 Once the aggregate was sufficiently heated, it was transferred to a preheated mixing 
bowl, where the filler, RAP and binder was added in appropriate proportions. The 
constituent materials were then mixed together in a planetary style mixer. Once all of 
the aggregate particles were fully coated, the mix was transferred to a hotplate to be 
divided up into three subsamples for modulus testing (see Figure 8). 
 
The asphalt was split using a process known as cone and quartering. The goal of this is 
to separate the bulk sample into evenly sized sub-samples of the same consistency. The 
sample was thoroughly mixed and then formed into a cone, ensuring an even 
distribution of coarse particles on the surface. In this case, only three sub-samples were 
required, so the cone was split evenly into three sectors. Each sub-sample was then 
transferred to a mould and placed in an oven at 160°C to condition for a period of one 
hour. It was necessary to exceed this conditioning time to allow the samples to reach 
their target compaction temperature of 150°C. It is more critical for the samples to be 
compacted at the correct temperature than to adhere strictly to a one-hour conditioning 
period.  
 
Figure 8  - Asphalt Sample After Mixing 
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5.3 Gyratory Compaction of Samples 
 
The asphalt test specimens were compacted using the gyratory compaction method 
AS2891.2.2. The purpose of this is to simulate compaction conditions in service by 
placing the specimen under a static load, with a set number of gyratory cycles.  
5.3.1 Apparatus Required 
• Specimen mould assembly (see Figure 9) 
• Gyratory compactor (see Figure 10) 




• Specimen extractor 
• Paper discs 
• Heat resistant boards 
• Mixing apparatus 
• Mittens and tongs 
• Gyratory angle indicator 
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Figure 9 - Mould Assembly (AS2891.2.2) 
 
Figure 10 - Gyratory Compactor 
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5.3.2 Procedure 
The following compaction procedure was carried out for each individual test specimen: 
 
1. Preheat the mould, loading platens and base plate to 150°C. 
2. Set the gyratory compactor to 120 cycles, 2° gyratory angle and 240 kPa vertical 
loading stress. 
3. Lightly brush the paper discs with oil to ensure they do not adhere to the 
specimens after compaction. 
4. Place the baseplate, lower wearing disc and paper disc into the mould 
5. Transfer 2500 g of asphalt to the mould. 
6. Place a circular paper disc, wearing disc and upper loading platen on top of the 
asphalt contained within the mould and place the mould assembly in the 
gyratory compactor.  
7. Start the compactor and allow to run for the number of revolutions set in (2).  
8. Remove the specimen from the mould using the specimen extractor and allow to 
cool (see Figure 11). 
 
 
Figure 11 - Compacted Test Specimens 
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5.4 Resilient Modulus Test 
 
The resilient modulus test was carried out in accordance with AS2891.13.1-2013 (refer 
Appendix D). This is an indirect tensile test that involves repeatedly applying a vertical 
compressive force along the vertical diametrical plane of the cylindrical specimen (see 
Figure 12). The horizontal displacement is then measured using two transducers, placed 
either side of the specimen at mid height (see Figure 13). A computer program is used 
to apply preconditioning load pulses to the specimen, in order to determine the 
maximum load that should be applied to achieve a specific range of strain. The 
computer system is also used to log the test data and automatically calculate the results. 
 




Figure 13 - Test Specimen Loaded in Jig 
 
Figure 14 shows the loading pattern for the resilient modulus test. This is of high 
importance, as the modulus is very sensitive to the rate of loading due to the viscoelastic 
nature of asphalt. The rise time and load repetition period must be kept within 5 ms and 
50 ms respectively. The recovered horizontal deformation used in the calculations is 
defined as the difference between the peak horizontal deformation for a load pulse and 
the horizontal deformation at the end of the rest time for the load pulse. 
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Figure 14 - Force and Horizontal Deformation Pulse Shapes (AS2891.13.1 2013, p.3) 
5.4.1 Apparatus Required 
 
• MATTA testing machine (see Figure 15) 
• Temperature cabinet 
• Measuring and recording apparatus 
• Plano-cylindrical-concave steel loading blocks 
• Vernier caliper 
• Digital thermometer 
• Torque screwdriver 
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The following procedure was carried out on three specimens each per mix design: 
 
1. Mark two diameter lines at right angles to each other on one end of the test 
specimen 
2. Measure the diameter to the nearest 0.1 mm along the marked lines on both ends 
of the specimen. Calculate the average diameter from these four measurements 
(D).  
3. Measure the height of the specimen to the nearest 0.1 mm at the four points 
where the diameter intersects the circumference. Calculate the average height of 
specimen (hc). 
4. Place the specimen in the temperature controlled cabinet set at 25°C. Allow the 
specimen temperature to reach equilibrium. A conditioning period of 2 hours 
should suffice.  
5. Input the dimensions and estimated resilient modulus of the test specimen into 
the computer test program.  
6. Place the specimen centrally on the lower loading block, with the diametral 
markings oriented vertically and horizontally.  
7. Place the displacement measuring apparatus over the test specimen. Ensure the 
transducers are in contact with a smooth, sound part of the curved surface of the 
test specimen. A slight adjustment to the seating of the specimen may be 
necessary to achieve this. The transducers must also be sitting centrally and 
diametrically opposite. Once the jig is correctly set, anchor it to the test 
specimen by tightening the anchoring screws with a torque of 250 mN.m on 
each.  
8. Place the top loading black centrally on the test specimen. 
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9. Adjust the transducers to ensure they are in the centre of their travelling range 
and lower the frame holder (see Figure 16). 
10. Place the apparatus under the loading head and lower the load actuator ram onto 
the top of the loading block. 
11. Apply conditioning load pulses to allow the computer to determine the peak load 
required to ensure the recovered horizontal strain is within the specified limits 
for the test.  
12. Readjust the transducers to ensure they are in the centre of their travelling range. 
13. Run the resilient modulus test. The computer will automatically apply 5 load 
pulses and record the necessary measurements to calculate the resilient modulus 
(see Figure 17). 
 
 
Figure 16 - Adjustment of the Transducer Levels 
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Figure 17 - Resilient Modulus Test Results Screen 
5.4.3 Calculation 
The resilient modulus for an asphalt specimen is calculated as follows: 
 
 𝐸 = 𝑃(𝜈 + 0.27)ℎ!𝐻  
 
where  E = Resilient modulus (MPa) 
  P = Peak load (N) 
  ν = Poisson’s ratio (0.4 assumed) 
  hc = Average height of specimen (mm) 
  H = Recovered horizontal deformation (mm) 
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5.4.4 Interpretation of Resilient Modulus 
The resilient modulus of asphalt is an important parameter for pavement design. It is 
used to calculate the required thickness of an asphalt layer for specific service 
conditions. The modulus value is an indicator of the stiffness of the pavement, which is 
linked to fatigue life and susceptibility to rutting. A higher modulus value means the 
pavement will be stiffer and will transfer vehicle loads over a wider area. A stiffer 
pavement will be more resistant to permanent deformation and offers better protection 
to weaker subgrade layers. While this is beneficial for rutting resistance, stiffer 
pavements are generally more susceptible to fatigue cracking and thus the pavement life 
is likely to be reduced if the modulus is too high. Therefore, an optimum balance must 
be found to maximize the life of an asphalt pavement under specific service conditions.  
Typical values of resilient modulus for various laboratory mixes are shown in Table 2. 
 





5.5 Compacted Density Test 
 
The compacted density (presaturation) test was carried out in accordance with the 
Queensland Department of Transport and Main Roads test method Q306B (Department 
of Transport and Main Roads 2012).  The purpose of this test is to determine the bulk 
density of the compacted asphalt samples in order to calculate the void ratio. 
5.5.1 Apparatus Required 
• Balance 
• Suspension device 




The following procedure was carried out for each compacted specimen: 
1. Weigh the sample and record its mass to the nearest 0.1 g. 
2. Immerse the sample in the water container for 5 minutes. 
3. Attach the suspension device to the balance and tare the balance. 
4. Transfer the sample to the suspension device, removing any adhering air bubbles 
to the surface and record its mass to the nearest 0.1 g. Record the water 
temperature to the nearest 1°C. 
5. Remove the sample from the container and blot the surface dry with a damp 
towel.  




The bulk density of the sample is calculated using the following equation: 
 𝐷! = 𝑚!𝜌!𝑚! −𝑚! 
 
where  Dc = bulk density of specimen (t/m3) 
m1 = mass of dry sample in air (g) 
  m2 = mass of saturated sample in water (g) 
  m3 = mass of saturated surface dry sample in air (g) 
  ρw = density of water at test temperature (t/m3) 
5.6 Preparation of Asphalt Mix from Compacted Samples 
 
In order to calculate the void ratio of the compacted samples, the maximum density is 
required. In order to carry out this test, the compacted samples were heated in an oven 
set at 150°C (see Figure 18). 
 
Figure 18 - Heating Compacted Samples 
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Once the samples were sufficiently hot, they were removed from the oven and broken 
down by hand (see Figure 19). The particles were separated out as much as was 
practical and the three compacted samples were mixed thoroughly for each design.  
 
Figure 19 - Breaking Down Compacted Samples 
5.7 Maximum Density Test 
 
The maximum density test was carried out in accordance with the Queensland 
Department of Transport and Main Roads test method Q307A (Department of Transport 
and Main Roads 2012).  The purpose of this test is to measure the maximum void-less 
density of asphalt using water displacement. The maximum density value is required to 
calculate the void ratio of the compacted modulus test specimens. 
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5.7.1 Apparatus Required 
• 2 L vacuum flask 
• Vacuum system 
• Balance 
• Attachment to suspend flask in water below the balance  
• Container filled with water 
• Thermometer 
• Metal stirrer fitted with rubber stopper 
• Liquid washing detergent 
5.7.2 Procedure 
The following procedure was carried out on two test portions per mix design: 
1. Weigh the flask and record its mass to the nearest 0.1 g. 
2. Fill the container to over flow, fit the attachment and tare the balance. 
3. Immerse the flask in the container and suspend it from the balance with the 
attachment. 
4. Record the mass of the flask in water to the nearest 0.1 g and the water 
temperature to the nearest 1°C. 
5. Remove the flask from the water and dry the outside surface. 
6. Place the flask on the balance and tare the balance. 
7. Transfer the test portion of asphalt to the flask. 
8. Weigh the flask with the asphalt sample and record the mass of sample to the 
nearest 0.1 g.  
9. Fill the flask with water, covering the asphalt with about 50 mm of water. Add a 
drop of detergent to the flask.  
10. Fit the stopper with metal stirrer and vacuum tube to the flask. 
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11.  Evacuate the flask to a gauge pressure of about -93 kPa. Maintain the vacuum 
for 15 minutes and frequently agitate the sample with the stirrer to assist trapped 
air bubbles to escape (see Figure 20). 
12.  Remove the stopper, stirrer and vacuum tube. 
13.  Carefully immerse the flask in the container, ensuring the sample remains 
covered with water and no air is reintroduced to the sample.  
14.  Tare the balance and attach the immersed flask. 
15.  Record the mass of the flask and sample in water to the nearest 0.1 g and the 
water temperature to the nearest 1°C. 
 
 




The maximum density of the sample is calculated using the following equation: 
 𝐷! = 𝑚! −𝑚!𝑚! −𝑚!𝐷!! − 𝑚! −𝑚!𝐷!!  
 
where  Dm = maximum density of sample (t/m3) 
  m1 = mass of flask (g) 
  m2 = mass of flask in water (g) 
  m3 = mass of flask and test portion (g) 
  m4 = mass of flask and test portion in water (g) 
  Dw1 = density of water at temperature t1 
  Dw2 = density of water at temperature t2 
5.8 Calculation of Volumetric Properties 
 
The calculations of air voids and other volumetric properties for the compacted samples 
were conducted in accordance with the Queensland Department of Transport and Main 
Roads test method Q311 (Department of Transport and Main Roads 2012).  
5.8.1 Air Voids 
The percentage by volume of air voids for a sample is calculated as follows: 
 
𝐴𝑉 = 100 1− 𝐷!𝐷!  
 
where  AV = air voids (%) 
  Dc = compacted density of the sample (t/m3) 
  Dm = maximum density of the sample (t/m3) 
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5.8.2 Volume of Effective Binder 
The percentage by volume of effective binder for a sample is calculated using the 
following formula: 
 
𝑉! = 𝐷!𝐷! 𝐵 − 𝑏 + 𝐵𝑏100  
 
where  VB = effective binder volume (%) 
Dc = compacted density of the sample (t/m3) 
DB = density of binder (1.04 t/m3 assumed) 
B = binder content of sample (%) 
b = binder absorption of aggregate (0.4% assumed) 
5.8.3 Voids in Mineral Aggregate 
The percentage by volume of voids in the mineral aggregate for a sample is calculated 
using the following formula: 
 𝑉𝑀𝐴 = 𝐴𝑉 + 𝑉! 
 
where  VMA = voids in mineral aggregate (%) 
  AV = air voids (%) 
  VB = effective binder volume (%) 
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5.8.4 Voids Filled with Binder 
The percentage by volume of voids filled with binder for a sample is calculated using 
the following formula:  
 
𝑉𝐹𝐵 = 100𝑉!𝑉𝑀𝐴  
 
where  VFB = voids filled with binder (%) 
  VB = effective binder volume (%) 
VMA = voids in mineral aggregate (%) 
5.9 Adjustment for Air Voids 
 
As higher proportions of RAP are introduced into the mix, the grading, overall binder 
content and viscosity will become more variable as there is little control over these 
aspects of the recycled material. This will affect the compactability of each specimen 
and will lead to variations in the compacted densities and air voids. Because the resilient 
modulus is indirectly proportional to air voids, an adjustment must be made for a 
meaningful comparison of results. Austroads (2007, p. 155) suggests that the resilient 
modulus will decrease by around 350 MPa per 1% increase in air voids. Therefore, an 
adjustment of this order has been made to normalize the results to 5% air voids, which 
is recommended for laboratory design procedures.  
5.10 Calculation of Fatigue Life  
 
To give a sense of meaning to the test results, the fatigue life of the pavement has been 
calculated for each mix design using the fatigue relationship presented in Austroads 
(2012, p. 80). Originally published by Shell, this relationship was developed based on 
laboratory testing of a broad range of mix types with conventional binders. Therefore, 
reasonably accurate predictions should be made for the mixes with low proportions of 
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RAP. However, for the mix designs with higher proportions of RAP, the accuracy of the 
fatigue prediction is questionable. This is because the recycled binder type is unknown 
and has undergone significant ageing, so the relationship based on conventional binders 
may not hold true. Nevertheless, it will provide a rough indication of the effect of RAP 
on the life of a pavement as a basis for comparison. 
 
This prediction is based on the resilient modulus, the volume of effective binder and the 
maximum tensile strain induced at the base of the pavement layer. As these calculations 
are presented as an example to illustrate the effect of RAP on pavement life, 200 µε has 
been selected arbitrarily as the maximum strain.  
5.10.1 Calculation 
 
The fatigue life is calculated as follows: 
 
𝑁 = 𝑅𝐹 6918 0.856𝑉! + 1.08𝐸!.!"𝜇𝜀 ! 
 
where   N = number of load repetitions before failure 
  RF = reliability factor for asphalt fatigue (taken as 1 for 95%) 
 µε = maximum tensile strain at the base of the asphalt layer (200 µε) 
  VB = effective binder volume (%) 
  E = resilient modulus of asphalt (MPa) 
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Chapter 6 Results and Discussion 
 
6.1 Preliminary Materials Tests 
 
The results for the preliminary materials tests are shown below. This testing was an 
important step in the mix design process, as these properties are required as inputs to the 
mix design calculations.  
6.1.1 Bitumen Content of RAP 
The results and average of the two bitumen content tests on the RAP material are shown 
in Figure 21. The bitumen contents for the first and second tests were found to be 3.73% 
and 3.56% respectively. The variation between the two is due to the inherent variability 
of the grading between the two subsamples. This is evident in the grading results, which 
are shown below. The average bitumen content was found to be 3.65% and experience 
suggests this is a typical figure. This figure was used in the mix design procedure to 
determine the amount of recoverable binder and subsequently the amount of virgin 
binder to be added to make up the total.  
 
Figure 21 - Bitumen Content of RAP Material 
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6.1.2 Grading of RAP 
The grading results and average for the two RAP tests are shown in Figure 22. It can be 
seen that the first test has a finer grading (a higher percentage passing each sieve) than 
the second test. This correlates with the bitumen content results, in that a finer 
subsample would carry more bitumen than an equal mass of a more coarsely graded 
subsample. This is due to the fact that a more finely graded mix has a larger total 
surface area for the binder to adhere to. This correlation gives confidence that the tests 
have been carried out correctly and that the results are a true and accurate representation 
of the RAP properties. The average value of these tests should be very close to the 
overall bitumen content and grading of the bulk material used in batching the designs.  
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6.1.3 Aggregate Grading 
The grading results for each individual aggregate type are shown in Figures 23-27 
below. These results were used to determine the quantity of each type of aggregate to be 
sieved to separate out the individual fractions prior to batching.  
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Figure 24 - 10 mm Aggregate Grading 
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Figure 26 - Crusher Dust Grading 
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6.2 Test Results 
6.2.1 Resilient Modulus 
The results for the average resilient modulus for each mix design are shown in Figure 
28. These are the actual results for the physical tests, but a meaningful comparison 
cannot be made at this point, as the air voids for each specimen are different, which 
affects the modulus result. In practice, when creating a mix design the proportions 
would be adjusted to achieve around 5% air voids and optimize other properties. 
Therefore, to assess the realistic impact of increasing the RAP content of a mix on the 



















Proportion	  of	  RAP	  in	  Mix	  Design	  
Resilient	  Modulus	  of	  Asphalt	  
 55 
6.2.2 Maximum Density 
The maximum densities for each asphalt mix design are shown in Figure 29. The 
maximum density is required to calculate the void ratio for an individual compacted 
specimen. There is a clear trend in these results, where the maximum density decreases 
by around 0.010 t/m3 for a 15% increase in RAP content. This shows that the RAP 
material is less dense than the virgin aggregates and binder used in the designs. Table 1 
suggests that the modulus is proportional to density, but this does not appear to be a 
significant factor as the results show that the modulus tends to increase, despite a 
decrease in maximum density.  
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6.2.3 Compacted Density 
Figure 30 shows the result for the compacted density of each test specimen. On a wide 
scale, there does not appear to be a great deal of variation between each design.  
 
 
Figure 30 - Compacted Density of Test Specimens on Wide Scale 
However, when viewed on a narrow scale as in Figure 31, it can be see that there is a 
variation of densities, even within the same mix design. There are a number of factors 
that can lead to this variation. Segregation of the coarse particles could have occurred 
during quartering and subsampling. This would lead to a different particle size 
distribution for each specimen of the same batch, which would affect the density and 
compactability of the mix. Variation could also be due to different conditioning times 
and slight variations in compaction temperature. Both of these factors affect the 
viscosity of the binder and subsequently the compactability of the specimen. The air 
voids for a specimen is inversely proportional to its compacted density and so this 
highlights the importance of making an adjustment for air voids to compare like 
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Figure 31 - Compacted Density of Test Specimens on Narrow Scale 
6.2.4 Air Voids 
Figure 32 shows the air voids for each test specimen. There is a degree of uncertainty 
inherent in these values, because the maximum densities used in the calculations are the 
average for the batch but may not accurately reflect the maximum theoretical density for 
the individual specimen.  While every effort has been made to ensure subsamples are 
uniform in composition, it is likely there will still be some variation due to mix 
segregation. It is practically impossible to form subsamples with the exact same 
composition, although they should be fairly uniform.  This inherent variability is why 
testing is performed in triplicate and the average result is taken.  
 
For the mixes with 0%, 15% and 30% RAP content, the average air voids are 3.9%, 
4.0% and 3.6% respectively.  There is a significant drop in voids for the mix designs 
with 45% and 60%, averaging 2.2% and 2.0% respectively. This drop in voids for the 
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higher percentage of the mix, it becomes more difficult to produce a design to the target 
grading. This is because the proportions must always add to 100%, so there is a much 
smaller range to adjust the new aggregate proportions to compensate for the finely 
graded RAP.  As there is more fine and filler material in the mix, the air voids are likely 
to be reduced.  
 
Figure 32 - Air Voids of Test Specimens 
6.2.5 Adjusted Resilient Modulus 
Figure 33 shows the average results for the resilient modulus of each mix design, after 
an adjustment for air voids has been made. The original results are also shown for 
comparison. It can be seen that the results follow a similar trend, but overall a lower 
modulus value is found for each specimen after normalizing to 5% air voids.  
 
Firstly, comparing just the control mix and the 15% RAP mix, there is a 21% increase 
in the resilient modulus. A small increase was expected, as the same grade of binder 
was used for both mixes and it has been reported that adding RAP to virgin mixes 
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small amount of recycled material. This raises questions on the current practice, which 
is to ignore the effects of stiffening for up to 15% RAP mixes.  
 
For the 30, 45 and 60% RAP mixes, a softer grade of binder was used to compensate for 
aged binder of the recycled material. Subsequently, the 30 and 45% mixes are softer 
than the control mix by around 15%. While a softer mix may help to prevent fatigue 
cracking, this overcompensation may lead to increased susceptibility to rutting. In order 
to prevent this, a thicker pavement would be required, defeating the purpose of 
recycling. Coincidentally, the 60% RAP mix with one grade softer binder was found to 
have a modulus comparable to the control mix.    
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6.3 Effect on Fatigue Life 
 
6.3.1 Mix Volumetrics 
 
Along with the resilient modulus, the volumetric properties of an asphalt mix are an 
important parameter in estimating the fatigue life of a pavement.  In particular, the 
volume of effective binder (VB) is used in the calculation of fatigue life. The results of 
the volumetric calculations are summarized in Table 3. 
 
Table 3 - Volumetric Results 
Mix	  Type	  	  (RAP%)	   0	   15	   30	   45	   60	  
Bitumen	  Content	   4.7	   4.7	   4.7	   4.7	   4.7	  
Max.	  Density	   2.551	   2.539	   2.529	   2.514	   2.506	  
Compacted	  Density	   2.452	   2.438	   2.438	   2.457	   2.455	  
Bitumen	  Density	   1.04	   1.04	   1.04	   1.04	   1.04	  
Binder	  Absorption	   0.4	   0.4	   0.4	   0.4	   0.4	  
VB	   10.2	   10.1	   10.1	   10.2	   10.2	  
AV	   3.9	   4.0	   3.6	   2.3	   2.0	  
VMA	   14.1	   14.1	   13.7	   12.5	   12.2	  
VFB	   72.4	   71.8	   73.8	   81.8	   83.4	  
 
The volumetric results are quite similar for the 0, 15 and 30% mixes, so this should not 
have a significant secondary impact on the modulus results. However, the 45 and 60% 
mix voids are significantly lower than the control. This contradicts some of the previous 
experimental results that found the VMA tended to increase due to incomplete binder 
blending leading to a coarser mix. This is likely due to the fact that the RAP material is 
comparatively fine, and when used in high proportions in a mix design, it is difficult to 
compensate and match the target grading.  
6.3.2 Fatigue Life 
 
Figure 34 shows an example of fatigue life calculations, based on a maximum induced 
tensile strain of 200 με	   at	   the	   base	   of	   an	   asphalt	   layer.	   This	   chart	   serves	   only	   as	  means	   to	   compare	   the	   effect	   of	   increasing	   the	   RAP	   content	   in	   asphalt	   mixes, 
without adjusting any of the other mix proportions to optimize performance. In practice, 
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it is likely that a mix designer could improve the performance of these mixes by making 
adjustments and further testing.  
 
A linear trendline has been added to both data sets for the C600 and C320 mixes. 
Forecasting these lines is highly uncertain due to the low number of results and a linear 
relationship may not be reflective of reality. Nevertheless, over a short range, it should 
give a reasonable indication of the fatigue life of other mix designs not tested.  
 
This chart reflects the modulus results, as the fatigue life is inversely proportional to 
this value. For the addition of 15% RAP to a virgin mix, there could be up to a 32% 
reduction in the number of cycles. While the fatigue life is shown to increase for the 30 
and 45% RAP mixes with softer binder, it must be remembered that there is likely to be 
an increased susceptibility to permanent deformation due to the softer mix. As indicated 
by the modulus results, the 60% RAP mix could be expected to give similar 
performance to the control mix.  
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It has been shown experimentally that the use of RAP in new asphalt production can 
have a significant impact on pavement performance. In general, the results conformed 
with the findings of the literature review, insofar as that the asphalt mixes became stiffer 
with increasing proportions of RAP. However, it was found that even small proportions, 
such as 15% may cause a significant increase in the resilient modulus of a pavement and 
subsequently reduce the fatigue life. This means that a pavement may crack prematurely 
and require maintenance or replacement much sooner, defeating the ultimate goal of 
recycling.  
 
These results of have cast doubt on the adequacy of current specifications for asphalt 
recycling and the claims that small proportions of RAP have little effect on 
performance. It was found that the addition of 15% RAP could reduce the fatigue life of 
a pavement by 32%, all else being equal. One could argue that a pavement designer 
could alter the mix proportions to improve performance, which is a possibility. 
However, for many routine applications mix design would only require volumetric tests, 
which would not reveal the true impact on performance due to binder ageing. This is 
particularly concerning because the 15% RAP mix was found to have almost identical 
volumetric results, but significantly reduced fatigue performance. It is recommended 
that mechanical tests are carried out in all recycled mix design procedures, as it has 




In regard to lowering the grade of bitumen to compensate for the hardened recycled 
binder, it has been shown that this can be effective in reducing the resilient modulus and 
improving the fatigue life of a pavement with RAP. It has been shown that for this 
particular mix design with this specific RAP source, a 60% mix could give similar 
performance to a conventional mix, with the binder one grade lower than usual. 
However, caution should be exercised in mix design, as there is potential to 
overcompensate and produce mixes that are not stiff enough, as in the 30 and 45% 
designs. In this event, a pavement may be more susceptible to rutting and a thicker 
asphalt layer would be required protect the subgrade. To avoid this situation, 
consideration should always be given to the aged bitumen properties of the RAP and 
binder blending should be carried out to achieve an overall target viscosity.  
 
There is great potential for the recycled asphalt industry to expand in Australia and the 
economic and environmental benefits are obvious. However, it appears that the current 
specifications and guidelines are not adequate to make the most effective use of this 
valuable resource. Further work needs to be done in order to maximize the use of RAP 
without compromising pavement integrity. 
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7.2 Achievement of Objectives 
The primary objectives of this project have been achieved and are summarized below: 
 
1. Research of background information and previous experimental work has been 
undertaken and in general it was reported that up to 15% RAP content had 
negligible effect on mix properties and that further increasing the RAP content 
resulted in a stiffer mix with a higher resilient modulus.  
 
2. The current guidelines for recycled asphalt use in Australia permit up to 15% 
RAP in new dense grade asphalt mixes, with no account of binder ageing. It is 
recommended that the binder is lowered by one grade for mixes containing 15 – 
30% RAP.  
3. A thorough review of the relevant test methods has been undertaken in 
preparation and planning of the project.  
4. Mix designs were prepared in accordance with standard procedures, ensuring 
that the proportions were as uniform as practical to make a valid comparison of 
results. 
5. Laboratory testing was carried out in accordance with all relevant test methods 
and the resilient modulus of each mix design was determined. An adjustment 
was made to account for the impact of air voids on the results. Because all of the 
compacted specimens had less than 5% air voids, this adjustment reduced the 
resilient modulus results to compensate for this secondary stiffening of the mix. 
6. An analysis of the results was carried out, with reference to the current 
specifications for asphalt recycling. It was concluded that the current guidelines 
aren’t sufficient to make the best use of recycled asphalt in Australia.  
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7.3 Future Work 
To make the most effective use of recycled asphalt, further research needs to be 
undertaken. Some suggestions to continue on from this project are outline below: 
 
• Undertake further research to assess the impact of RAP on rutting susceptibility 
of asphalt pavements and other performance indicators. 
• Investigate alternative methods to improve recycled pavement performance, 
such as adding rejuvenating agents and binder blending.  
• Conduct studies on asphalt mixes with very high proportions of RAP (greater 
than 60%). 
• Conduct field trials to assess realistic pavement performance, which is 
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Appendix A - Project Specification 
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Quarry Ningi Stapylton All Sources ---





37.0 18.0 12.0 0.0 25.5 6.0 0.0 1.5 0.0
37.0 18.0 12.0 0.0 25.5 6.0 0.0 1.5 0.0
 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1
100.0 100.0 100.0 100.0 100.0 100.0 100.0
100.0 100.0 100.0 100.0 100.0 100.0 100.0
100.0 100.0 100.0 100.0 100.0 100.0 100.0
62.0 100.0 100.0 100.0 100.0 100.0 100.0
14.0 93.0 100.0 100.0 100.0 89.0 100.0
1.9 40.0 98.0 100.0 100.0 73.0 100.0
1.2 7.9 53.0 99.0 100.0 55.0 100.0
0.9 2.6 6.2 72.0 100.0 32.0 100.0
0.9 2.0 3.2 47.0 98.0 23.0 100.0
0.9 1.9 2.8 31.0 85.0 20.0 100.0
0.8 1.7 2.5 21.0 40.0 16.0 95.0
0.7 1.5 2.2 16.0 2.1 11.0 90.0
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Quarry Ningi Stapylton All Sources ---





37.0 18.0 12.0 0.0 25.5 6.0 0.0 1.5 0.0
37.0 8.0 9.0 0.0 24.5 5.0 15.0 1.5 0.0
 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1
100.0 100.0 100.0 100.0 100.0 100.0 100.0
100.0 100.0 100.0 100.0 100.0 100.0 100.0
100.0 100.0 100.0 100.0 100.0 100.0 100.0
62.0 100.0 100.0 100.0 100.0 100.0 100.0
14.0 93.0 100.0 100.0 100.0 89.0 100.0
1.9 40.0 98.0 100.0 100.0 73.0 100.0
1.2 7.9 53.0 99.0 100.0 55.0 100.0
0.9 2.6 6.2 72.0 100.0 32.0 100.0
0.9 2.0 3.2 47.0 98.0 23.0 100.0
0.9 1.9 2.8 31.0 85.0 20.0 100.0
0.8 1.7 2.5 21.0 40.0 16.0 95.0
0.7 1.5 2.2 16.0 2.1 11.0 90.0
























Residual (%) † 4.70
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37.0 18.0 12.0 0.0 25.5 6.0 0.0 1.5 0.0
37.0 2.0 6.0 0.0 19.5 4.0 30.0 1.5 0.0
 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1
100.0 100.0 100.0 100.0 100.0 100.0 100.0
100.0 100.0 100.0 100.0 100.0 100.0 100.0
100.0 100.0 100.0 100.0 100.0 100.0 100.0
62.0 100.0 100.0 100.0 100.0 100.0 100.0
14.0 93.0 100.0 100.0 100.0 89.0 100.0
1.9 40.0 98.0 100.0 100.0 73.0 100.0
1.2 7.9 53.0 99.0 100.0 55.0 100.0
0.9 2.6 6.2 72.0 100.0 32.0 100.0
0.9 2.0 3.2 47.0 98.0 23.0 100.0
0.9 1.9 2.8 31.0 85.0 20.0 100.0
0.8 1.7 2.5 21.0 40.0 16.0 95.0
0.7 1.5 2.2 16.0 2.1 11.0 90.0
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37.0 18.0 12.0 0.0 25.5 6.0 0.0 1.5 0.0
34.0 0.0 5.0 0.0 9.5 5.0 45.0 1.5 0.0
 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1
100.0 100.0 100.0 100.0 100.0 100.0 100.0
100.0 100.0 100.0 100.0 100.0 100.0 100.0
100.0 100.0 100.0 100.0 100.0 100.0 100.0
62.0 100.0 100.0 100.0 100.0 100.0 100.0
14.0 93.0 100.0 100.0 100.0 89.0 100.0
1.9 40.0 98.0 100.0 100.0 73.0 100.0
1.2 7.9 53.0 99.0 100.0 55.0 100.0
0.9 2.6 6.2 72.0 100.0 32.0 100.0
0.9 2.0 3.2 47.0 98.0 23.0 100.0
0.9 1.9 2.8 31.0 85.0 20.0 100.0
0.8 1.7 2.5 21.0 40.0 16.0 95.0
0.7 1.5 2.2 16.0 2.1 11.0 90.0
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Residual (%) † 4.70
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37.0 18.0 12.0 0.0 25.5 6.0 0.0 1.5 0.0
31.0 0.0 0.0 0.0 3.0 4.5 60.0 1.5 0.0
 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1
100.0 100.0 100.0 100.0 100.0 100.0 100.0
100.0 100.0 100.0 100.0 100.0 100.0 100.0
100.0 100.0 100.0 100.0 100.0 100.0 100.0
62.0 100.0 100.0 100.0 100.0 100.0 100.0
14.0 93.0 100.0 100.0 100.0 89.0 100.0
1.9 40.0 98.0 100.0 100.0 73.0 100.0
1.2 7.9 53.0 99.0 100.0 55.0 100.0
0.9 2.6 6.2 72.0 100.0 32.0 100.0
0.9 2.0 3.2 47.0 98.0 23.0 100.0
0.9 1.9 2.8 31.0 85.0 20.0 100.0
0.8 1.7 2.5 21.0 40.0 16.0 95.0
0.7 1.5 2.2 16.0 2.1 11.0 90.0



























































































Mix Yield (%) †
Binder Type
21.4






















Residual (%) † 4.70






















C.7 - 15% RAP Batch Weights 
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C.8 - 30% RAP Batch Weights 
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C.9 - 45% RAP Batch Weights 
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C.10 - 60% RAP Batch Weights 
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D.3 - 30% RAP Pat Dimensions 
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D.6 - 00A Modulus Test Data (Retest) 
	   	  IPC	  	  	  	  Universal	  Testing	  Machine	  (UTM	  V2.27)	  
	  [_005]	  V1.07	  5-­‐Pulse	  Indirect	  Tensile	  Modulus	  Test	  
	  
Monday	  September	  16	  
	  2013	  	  3:49	  
PM	  
	   	  
	   	   	   	   	  	  	  	  	  	  	  specimen	  identification:	  00A-­‐RETEST	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  P.NEUMANN	  THESIS	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  TESTED:	  16/09/13	   	  PN	  	  	  	  	  
	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  PAT	  1	  0%	  RAP	  	  
	  	  	  	  	  	  	  	  	  	  specimen	  length	  (mm):	  68.2	  	  
	   	  	  	  	  	  	  	  	  specimen	  diameter	  (mm):	  100.4	  	  
	   	  	  	  	  	  	  	  	  	  condition	  pulse	  count:	  5	  	  
	   	  	  	  condition	  pulse	  period	  (ms):	  2000	  	  
	   	  	  	  	  	  	  	  	  test	  pulse	  period	  (ms):	  3000	  	  
	   	  	  	  	  rise	  time	  [23ms	  ...	  100ms]:	  40	  	  
	   	  	  	  	  	  	  	  estimated	  modulus	  (MPa):	  5000	  	  
	   	  	  target	  resilient	  strain	  (æî):	  50	  	  
	   	  	  	  	  	  	  estimated	  Poissons	  ratio:	  0.40	  	  
	   	  	  	  	  	  force	  load	  cell	  cal	  index:	  6	  	  [	  Force	  Load	  Cell	  #2	  	  	  	  STC-­‐2000/E25027	  	  ]	  
	  	  	  	  	  radial	  LVDT	  #1	  cal	  index:	  12	  [	  Indirect	  Tensile	  LVDT_1	  	  GTX1000/2454	  	  ]	  
	  	  	  	  	  radial	  LVDT	  #2	  cal	  index:	  13	  [	  Indirect	  Tensile	  LVDT_2	  	  GTX1000/2453	  	  ]	  
	  	  	  core	  temperature	  cal	  index:	  1	  	  [	  Core	  Temperature	  	  PT100/50	  ]	  	  	  	  	  	  	  	  	  	  
	  	  	  skin	  temperature	  cal	  index:	  2	  	  [	  Skin	  Temperature	  	  PT100/49	  ]	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  archive	  binary	  file	  name:	  C:\UTM_2\2008MOD\00A-­‐RETE.BIN	  	  
	  	  ASCII	  output	  data	  file	  name:	  C:\UTM_2\2008MOD\00A-­‐RETE.CSV	  	  
	  	  	  	  	  test	  variant	  description:	  Std	  Modulus	  Setup	  (Change	  Est.	  Modulus)	  	  
	  	  	  measured	  temperatures	  (øC):	  Core=25.1	  	  	  	  Skin=25.4	  
	  	  conditioning	  pulses	  counted:	  5	  
	   	  
	   	   	   	   	  Pulse	  	  	  Force	  	  	  	  Tot	  Recov	  	  Tensile	  RiseTime	  	  	  LoadTime	  	  	  Delay	  	  	  	  Resilient	  
	  No.	  	  	  	  	  (N)	  	  	  	  	  	  Strain	  	  	  	  Stress	  	  10%__90%	  	  	  	  	  0__0	  	  	  	  	  at	  90%	  	  	  	  Modulus	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (æî)	  	  	  	  	  	  (kPa)	  	  	  	  (ms)	  	  	  	  	  	  	  (ms)	  	  	  	  	  	  (ms)	  	  	  	  	  	  (MPa)	  
	  	  1	  	  	  	  	  1635.2	  	  	  	  	  24.69	  	  	  	  	  152.0	  	  	  	  	  42	  	  	  	  	  	  	  	  126	  	  	  	  	  	  	  	  	  8	  	  	  	  	  	  	  	  6479	  
	  	  2	  	  	  	  	  1615.8	  	  	  	  	  24.69	  	  	  	  	  150.2	  	  	  	  	  42	  	  	  	  	  	  	  	  120	  	  	  	  	  	  	  	  	  7	  	  	  	  	  	  	  	  6401	  
	  	  3	  	  	  	  	  1593.9	  	  	  	  	  25.75	  	  	  	  	  148.1	  	  	  	  	  41	  	  	  	  	  	  	  	  120	  	  	  	  	  	  	  	  10	  	  	  	  	  	  	  	  6054	  
	  	  4	  	  	  	  	  1603.7	  	  	  	  	  26.54	  	  	  	  	  149.1	  	  	  	  	  41	  	  	  	  	  	  	  	  118	  	  	  	  	  	  	  	  	  7	  	  	  	  	  	  	  	  5911	  
	  	  5	  	  	  	  	  1606.1	  	  	  	  	  26.82	  	  	  	  	  149.3	  	  	  	  	  43	  	  	  	  	  	  	  	  121	  	  	  	  	  	  	  	  	  7	  	  	  	  	  	  	  	  5858	  
mean	  	  	  	  1611.0	  	  	  	  	  	  25.7	  	  	  	  	  149.7	  	  	  	  	  41.8	  	  	  	  	  	  121.0	  	  	  	  	  	  	  7.8	  	  	  	  	  	  6141	  
	  SD	  	  	  	  	  	  	  14.0	  	  	  	  	  0.893	  	  	  	  	  1.301	  	  	  	  0.748	  	  	  	  	  	  2.683	  	  	  	  1.1661	  	  	  	  	  253.8	  






D.7 - 00A Modulus Test Data 
	   	  IPC	  	  	  	  Universal	  Testing	  Machine	  (UTM	  V2.27)	  
	  [_005]	  V1.07	  5-­‐Pulse	  Indirect	  Tensile	  Modulus	  Test	  
	  
Monday	  September	  16	  
	  2013	  	  11:55	  
AM	  
	   	  
	   	   	   	   	  	  	  	  	  	  	  specimen	  identification:	  OOA	  	  
	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  P.NEUMANN	  THESIS	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  TESTED:	  27/08/13	   	  AT	  PN	  	  
	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  PAT	  1	  0%	  RAP	  	  
	  	  	  	  	  	  	  	  	  	  specimen	  length	  (mm):	  68.2	  	  
	   	  	  	  	  	  	  	  	  specimen	  diameter	  (mm):	  100.4	  	  
	   	  	  	  	  	  	  	  	  	  condition	  pulse	  count:	  5	  	  
	   	  	  	  condition	  pulse	  period	  (ms):	  2000	  	  
	   	  	  	  	  	  	  	  	  test	  pulse	  period	  (ms):	  3000	  	  
	   	  	  	  	  rise	  time	  [23ms	  ...	  100ms]:	  40	  	  
	   	  	  	  	  	  	  	  estimated	  modulus	  (MPa):	  5000	  	  
	   	  	  target	  resilient	  strain	  (æî):	  50	  	  
	   	  	  	  	  	  	  estimated	  Poissons	  ratio:	  0.40	  	  
	   	  	  	  	  	  force	  load	  cell	  cal	  index:	  6	  	  [	  Force	  Load	  Cell	  #2	  	  	  	  STC-­‐2000/E25027	  	  ]	  
	  	  	  	  	  radial	  LVDT	  #1	  cal	  index:	  12	  [	  Indirect	  Tensile	  LVDT_1	  	  GTX1000/2454	  	  ]	  
	  	  	  	  	  radial	  LVDT	  #2	  cal	  index:	  13	  [	  Indirect	  Tensile	  LVDT_2	  	  GTX1000/2453	  	  ]	  
	  	  	  core	  temperature	  cal	  index:	  1	  	  [	  Core	  Temperature	  	  PT100/50	  ]	  	  	  	  	  	  	  	  	  	  
	  	  	  skin	  temperature	  cal	  index:	  2	  	  [	  Skin	  Temperature	  	  PT100/49	  ]	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  archive	  binary	  file	  name:	  C:\UTM_2\2008MOD\OOA.BIN	  	  
	  	  ASCII	  output	  data	  file	  name:	  C:\UTM_2\2008MOD\OOA.CSV	  	  
	  	  	  	  	  test	  variant	  description:	  Std	  Modulus	  Setup	  (Change	  Est.	  Modulus)	  	  
	  	  	  measured	  temperatures	  (øC):	  Core=25.5	  	  	  	  Skin=25.6	  
	  	  conditioning	  pulses	  counted:	  5	  
	   	  
	   	   	   	   	  Pulse	  	  	  Force	  	  	  	  Tot	  Recov	  	  Tensile	  RiseTime	  	  	  LoadTime	  	  	  Delay	  	  	  	  Resilient	  
	  No.	  	  	  	  	  (N)	  	  	  	  	  	  Strain	  	  	  	  Stress	  	  10%__90%	  	  	  	  	  0__0	  	  	  	  	  at	  90%	  	  	  	  Modulus	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (æî)	  	  	  	  	  	  (kPa)	  	  	  	  (ms)	  	  	  	  	  	  	  (ms)	  	  	  	  	  	  (ms)	  	  	  	  	  	  (MPa)	  
	  	  1	  	  	  	  	  1596.4	  	  	  	  	  	  35.6	  	  	  	  	  148.4	  	  	  	  	  43	  	  	  	  	  	  	  	  121	  	  	  	  	  	  	  	  	  6	  	  	  	  	  	  	  	  4387	  
	  	  2	  	  	  	  	  1579.4	  	  	  	  	  35.87	  	  	  	  	  146.8	  	  	  	  	  42	  	  	  	  	  	  	  	  123	  	  	  	  	  	  	  	  	  8	  	  	  	  	  	  	  	  4307	  
	  	  3	  	  	  	  	  1579.4	  	  	  	  	  36.67	  	  	  	  	  146.8	  	  	  	  	  42	  	  	  	  	  	  	  	  120	  	  	  	  	  	  	  	  	  7	  	  	  	  	  	  	  	  4214	  
	  	  4	  	  	  	  	  1584.2	  	  	  	  	  	  37.2	  	  	  	  	  147.2	  	  	  	  	  42	  	  	  	  	  	  	  	  120	  	  	  	  	  	  	  	  	  8	  	  	  	  	  	  	  	  4166	  
	  	  5	  	  	  	  	  1584.2	  	  	  	  	  36.41	  	  	  	  	  147.2	  	  	  	  	  42	  	  	  	  	  	  	  	  120	  	  	  	  	  	  	  	  	  7	  	  	  	  	  	  	  	  4257	  
mean	  	  	  	  1584.7	  	  	  	  	  36.35	  	  	  	  	  147.3	  	  	  	  	  42.2	  	  	  	  	  	  120.8	  	  	  	  	  	  	  7.2	  	  	  	  	  	  4266	  
	  SD	  	  	  	  	  6.2234	  	  	  	  	  0.567	  	  	  	  	  0.578	  	  	  	  	  	  0.4	  	  	  	  	  	  1.166	  	  	  	  0.7483	  	  	  	  	  76.13	  





D.8 - 00B Modulus Test Data 
IPC	  	  	  	  Universal	  Testing	  Machine	  (UTM	  V2.27)	  
	  [_005]	  V1.07	  5-­‐Pulse	  Indirect	  Tensile	  Modulus	  Test	  
	  
Monday	  September	  16	  
	  2013	  	  12:22	  
PM	  
	   	  
	   	   	   	   	  	  	  	  	  	  	  specimen	  identification:	  OOB	  	  
	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  P.NEUMANN	  THESIS	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  TESTED:	  16/09/13	   	  PN	  	  	  	  	  
	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  PAT	  2	  0%	  RAP	  	  
	  	  	  	  	  	  	  	  	  	  specimen	  length	  (mm):	  67.7	  	  
	   	  	  	  	  	  	  	  	  specimen	  diameter	  (mm):	  100.4	  	  
	   	  	  	  	  	  	  	  	  	  condition	  pulse	  count:	  5	  	  
	   	  	  	  condition	  pulse	  period	  (ms):	  2000	  	  
	   	  	  	  	  	  	  	  	  test	  pulse	  period	  (ms):	  3000	  	  
	   	  	  	  	  rise	  time	  [23ms	  ...	  100ms]:	  40	  	  
	   	  	  	  	  	  	  	  estimated	  modulus	  (MPa):	  5000	  	  
	   	  	  target	  resilient	  strain	  (æî):	  50	  	  
	   	  	  	  	  	  	  estimated	  Poissons	  ratio:	  0.40	  	  
	   	  	  	  	  	  force	  load	  cell	  cal	  index:	  6	  	  [	  Force	  Load	  Cell	  #2	  	  	  	  STC-­‐2000/E25027	  	  ]	  
	  	  	  	  	  radial	  LVDT	  #1	  cal	  index:	  12	  [	  Indirect	  Tensile	  LVDT_1	  	  GTX1000/2454	  	  ]	  
	  	  	  	  	  radial	  LVDT	  #2	  cal	  index:	  13	  [	  Indirect	  Tensile	  LVDT_2	  	  GTX1000/2453	  	  ]	  
	  	  	  core	  temperature	  cal	  index:	  1	  	  [	  Core	  Temperature	  	  PT100/50	  ]	  	  	  	  	  	  	  	  	  	  
	  	  	  skin	  temperature	  cal	  index:	  2	  	  [	  Skin	  Temperature	  	  PT100/49	  ]	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  archive	  binary	  file	  name:	  C:\UTM_2\2008MOD\OOB.BIN	  	  
	  	  ASCII	  output	  data	  file	  name:	  C:\UTM_2\2008MOD\OOB.CSV	  	  
	  	  	  	  	  test	  variant	  description:	  Std	  Modulus	  Setup	  (Change	  Est.	  Modulus)	  	  
	  	  	  measured	  temperatures	  (øC):	  Core=25.4	  	  	  	  Skin=25.4	  
	  	  conditioning	  pulses	  counted:	  5	  
	   	  
	   	   	   	   	  Pulse	  	  	  Force	  	  	  	  Tot	  Recov	  	  Tensile	  RiseTime	  	  	  LoadTime	  	  	  Delay	  	  	  	  Resilient	  
	  No.	  	  	  	  	  (N)	  	  	  	  	  	  Strain	  	  	  	  Stress	  	  10%__90%	  	  	  	  	  0__0	  	  	  	  	  at	  90%	  	  	  	  Modulus	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (æî)	  	  	  	  	  	  (kPa)	  	  	  	  (ms)	  	  	  	  	  	  	  (ms)	  	  	  	  	  	  (ms)	  	  	  	  	  	  (MPa)	  
	  	  1	  	  	  	  	  1620.7	  	  	  	  	  23.11	  	  	  	  	  151.7	  	  	  	  	  43	  	  	  	  	  	  	  	  124	  	  	  	  	  	  	  	  	  8	  	  	  	  	  	  	  	  6910	  
	  	  2	  	  	  	  	  1603.7	  	  	  	  	  24.46	  	  	  	  	  150.2	  	  	  	  	  43	  	  	  	  	  	  	  	  118	  	  	  	  	  	  	  	  	  7	  	  	  	  	  	  	  	  6462	  
	  	  3	  	  	  	  	  1620.7	  	  	  	  	  25.51	  	  	  	  	  151.7	  	  	  	  	  42	  	  	  	  	  	  	  	  119	  	  	  	  	  	  	  	  	  9	  	  	  	  	  	  	  	  6260	  
	  	  4	  	  	  	  	  1606.1	  	  	  	  	  26.05	  	  	  	  	  150.4	  	  	  	  	  43	  	  	  	  	  	  	  	  123	  	  	  	  	  	  	  	  	  8	  	  	  	  	  	  	  	  6075	  
	  	  5	  	  	  	  	  1611.0	  	  	  	  	  25.51	  	  	  	  	  150.8	  	  	  	  	  43	  	  	  	  	  	  	  	  122	  	  	  	  	  	  	  	  	  6	  	  	  	  	  	  	  	  6224	  
mean	  	  	  	  1612.4	  	  	  	  	  24.93	  	  	  	  	  151.0	  	  	  	  	  42.8	  	  	  	  	  	  121.2	  	  	  	  	  	  	  7.6	  	  	  	  	  	  6386	  
	  SD	  	  	  	  	  7.1423	  	  	  	  	  1.044	  	  	  	  	  0.668	  	  	  	  	  	  0.4	  	  	  	  	  	  2.315	  	  	  	  1.0198	  	  	  	  	  289.4	  






D.9 - 00C Modulus Test Data 
IPC	  	  	  	  Universal	  Testing	  Machine	  (UTM	  V2.27)	  
	  [_005]	  V1.07	  5-­‐Pulse	  Indirect	  Tensile	  Modulus	  Test	  
	  
Monday	  September	  16	  
	  2013	  	  12:39	  
PM	  
	   	  
	   	   	   	   	  	  	  	  	  	  	  specimen	  identification:	  OOC	  	  
	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  P.NEUMANN	  THESIS	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  TESTED:	  16/09/13	   	  PN	  	  	  	  	  
	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  PAT	  3	  0%	  RAP	  	  
	  	  	  	  	  	  	  	  	  	  specimen	  length	  (mm):	  68.5	  	  
	   	  	  	  	  	  	  	  	  specimen	  diameter	  (mm):	  100.3	  	  
	   	  	  	  	  	  	  	  	  	  condition	  pulse	  count:	  5	  	  
	   	  	  	  condition	  pulse	  period	  (ms):	  2000	  	  
	   	  	  	  	  	  	  	  	  test	  pulse	  period	  (ms):	  3000	  	  
	   	  	  	  	  rise	  time	  [23ms	  ...	  100ms]:	  40	  	  
	   	  	  	  	  	  	  	  estimated	  modulus	  (MPa):	  5000	  	  
	   	  	  target	  resilient	  strain	  (æî):	  50	  	  
	   	  	  	  	  	  	  estimated	  Poissons	  ratio:	  0.40	  	  
	   	  	  	  	  	  force	  load	  cell	  cal	  index:	  6	  	  [	  Force	  Load	  Cell	  #2	  	  	  	  STC-­‐2000/E25027	  	  ]	  
	  	  	  	  	  radial	  LVDT	  #1	  cal	  index:	  12	  [	  Indirect	  Tensile	  LVDT_1	  	  GTX1000/2454	  	  ]	  
	  	  	  	  	  radial	  LVDT	  #2	  cal	  index:	  13	  [	  Indirect	  Tensile	  LVDT_2	  	  GTX1000/2453	  	  ]	  
	  	  	  core	  temperature	  cal	  index:	  1	  	  [	  Core	  Temperature	  	  PT100/50	  ]	  	  	  	  	  	  	  	  	  	  
	  	  	  skin	  temperature	  cal	  index:	  2	  	  [	  Skin	  Temperature	  	  PT100/49	  ]	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  archive	  binary	  file	  name:	  C:\UTM_2\2008MOD\OOC.BIN	  	  
	  	  ASCII	  output	  data	  file	  name:	  C:\UTM_2\2008MOD\OOC.CSV	  	  
	  	  	  	  	  test	  variant	  description:	  Std	  Modulus	  Setup	  (Change	  Est.	  Modulus)	  	  
	  	  	  measured	  temperatures	  (øC):	  Core=25.4	  	  	  	  Skin=25.4	  
	  	  conditioning	  pulses	  counted:	  5	  
	   	  
	   	   	   	   	  Pulse	  	  	  Force	  	  	  	  Tot	  Recov	  	  Tensile	  RiseTime	  	  	  LoadTime	  	  	  Delay	  	  	  	  Resilient	  
	  No.	  	  	  	  	  (N)	  	  	  	  	  	  Strain	  	  	  	  Stress	  	  10%__90%	  	  	  	  	  0__0	  	  	  	  	  at	  90%	  	  	  	  Modulus	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (æî)	  	  	  	  	  	  (kPa)	  	  	  	  (ms)	  	  	  	  	  	  	  (ms)	  	  	  	  	  	  (ms)	  	  	  	  	  	  (MPa)	  
	  	  1	  	  	  	  	  1593.9	  	  	  	  	  27.72	  	  	  	  	  147.6	  	  	  	  	  42	  	  	  	  	  	  	  	  125	  	  	  	  	  	  	  	  	  8	  	  	  	  	  	  	  	  5607	  
	  	  2	  	  	  	  	  1589.1	  	  	  	  	  28.78	  	  	  	  	  147.2	  	  	  	  	  43	  	  	  	  	  	  	  	  121	  	  	  	  	  	  	  	  	  4	  	  	  	  	  	  	  	  5384	  
	  	  3	  	  	  	  	  1593.9	  	  	  	  	  30.91	  	  	  	  	  147.6	  	  	  	  	  43	  	  	  	  	  	  	  	  117	  	  	  	  	  	  	  	  	  6	  	  	  	  	  	  	  	  5028	  
	  	  4	  	  	  	  	  1584.2	  	  	  	  	  31.17	  	  	  	  	  146.7	  	  	  	  	  43	  	  	  	  	  	  	  	  118	  	  	  	  	  	  	  	  	  6	  	  	  	  	  	  	  	  4955	  
	  	  5	  	  	  	  	  1567.2	  	  	  	  	  31.16	  	  	  	  	  145.2	  	  	  	  	  42	  	  	  	  	  	  	  	  123	  	  	  	  	  	  	  	  	  8	  	  	  	  	  	  	  	  4903	  
mean	  	  	  	  1585.7	  	  	  	  	  29.95	  	  	  	  	  146.9	  	  	  	  	  42.6	  	  	  	  	  	  120.8	  	  	  	  	  	  	  6.4	  	  	  	  	  	  5175	  
	  SD	  	  	  	  	  9.9119	  	  	  	  	  	  1.43	  	  	  	  	  0.918	  	  	  	  0.489	  	  	  	  	  	  2.993	  	  	  	  1.4966	  	  	  	  	  273.3	  




D.10 - 15A Modulus Test Data 
IPC	  	  	  	  Universal	  Testing	  Machine	  (UTM	  V2.27)	  
	  [_005]	  V1.07	  5-­‐Pulse	  Indirect	  Tensile	  Modulus	  Test	  
	  
Monday	  September	  16	  
	  2013	  	  1:44	  
PM	  
	   	  
	   	   	   	   	  	  	  	  	  	  	  specimen	  identification:	  15A	  	  
	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  P.NEUMANN	  THESIS	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  TESTED:	  16/09/13	   	  PN	  	  	  	  	  
	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  PAT	  1	  15%	  RAP	  	  
	  	  	  	  	  	  	  	  	  	  specimen	  length	  (mm):	  69.3	  	  
	   	  	  	  	  	  	  	  	  specimen	  diameter	  (mm):	  100.5	  	  
	   	  	  	  	  	  	  	  	  	  condition	  pulse	  count:	  5	  	  
	   	  	  	  condition	  pulse	  period	  (ms):	  2000	  	  
	   	  	  	  	  	  	  	  	  test	  pulse	  period	  (ms):	  3000	  	  
	   	  	  	  	  rise	  time	  [23ms	  ...	  100ms]:	  40	  	  
	   	  	  	  	  	  	  	  estimated	  modulus	  (MPa):	  5000	  	  
	   	  	  target	  resilient	  strain	  (æî):	  50	  	  
	   	  	  	  	  	  	  estimated	  Poissons	  ratio:	  0.40	  	  
	   	  	  	  	  	  force	  load	  cell	  cal	  index:	  6	  	  [	  Force	  Load	  Cell	  #2	  	  	  	  STC-­‐2000/E25027	  	  ]	  
	  	  	  	  	  radial	  LVDT	  #1	  cal	  index:	  12	  [	  Indirect	  Tensile	  LVDT_1	  	  GTX1000/2454	  	  ]	  
	  	  	  	  	  radial	  LVDT	  #2	  cal	  index:	  13	  [	  Indirect	  Tensile	  LVDT_2	  	  GTX1000/2453	  	  ]	  
	  	  	  core	  temperature	  cal	  index:	  1	  	  [	  Core	  Temperature	  	  PT100/50	  ]	  	  	  	  	  	  	  	  	  	  
	  	  	  skin	  temperature	  cal	  index:	  2	  	  [	  Skin	  Temperature	  	  PT100/49	  ]	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  archive	  binary	  file	  name:	  C:\UTM_2\2008MOD\15A.BIN	  	  
	  	  ASCII	  output	  data	  file	  name:	  C:\UTM_2\2008MOD\15A.CSV	  	  
	  	  	  	  	  test	  variant	  description:	  Std	  Modulus	  Setup	  (Change	  Est.	  Modulus)	  	  
	  	  	  measured	  temperatures	  (øC):	  Core=25.3	  	  	  	  Skin=25.4	  
	  	  conditioning	  pulses	  counted:	  5	  
	   	  
	   	   	   	   	  Pulse	  	  	  Force	  	  	  	  Tot	  Recov	  	  Tensile	  RiseTime	  	  	  LoadTime	  	  	  Delay	  	  	  	  Resilient	  
	  No.	  	  	  	  	  (N)	  	  	  	  	  	  Strain	  	  	  	  Stress	  	  10%__90%	  	  	  	  	  0__0	  	  	  	  	  at	  90%	  	  	  	  Modulus	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (æî)	  	  	  	  	  	  (kPa)	  	  	  	  (ms)	  	  	  	  	  	  	  (ms)	  	  	  	  	  	  (ms)	  	  	  	  	  	  (MPa)	  
	  	  1	  	  	  	  	  1589.1	  	  	  	  	  20.66	  	  	  	  	  145.2	  	  	  	  	  41	  	  	  	  	  	  	  	  125	  	  	  	  	  	  	  	  	  6	  	  	  	  	  	  	  	  7397	  
	  	  2	  	  	  	  	  1576.9	  	  	  	  	  	  22.8	  	  	  	  	  144.1	  	  	  	  	  42	  	  	  	  	  	  	  	  120	  	  	  	  	  	  	  	  	  7	  	  	  	  	  	  	  	  6651	  
	  	  3	  	  	  	  	  1579.4	  	  	  	  	  	  22.8	  	  	  	  	  144.3	  	  	  	  	  42	  	  	  	  	  	  	  	  122	  	  	  	  	  	  	  	  	  6	  	  	  	  	  	  	  	  6663	  
	  	  4	  	  	  	  	  1591.5	  	  	  	  	  23.59	  	  	  	  	  145.4	  	  	  	  	  42	  	  	  	  	  	  	  	  121	  	  	  	  	  	  	  	  	  7	  	  	  	  	  	  	  	  6489	  
	  	  5	  	  	  	  	  1591.5	  	  	  	  	  23.59	  	  	  	  	  145.4	  	  	  	  	  42	  	  	  	  	  	  	  	  120	  	  	  	  	  	  	  	  	  7	  	  	  	  	  	  	  	  6489	  
mean	  	  	  	  1585.7	  	  	  	  	  22.69	  	  	  	  	  144.9	  	  	  	  	  41.8	  	  	  	  	  	  121.6	  	  	  	  	  	  	  6.6	  	  	  	  	  	  6738	  
	  SD	  	  	  	  	  6.2613	  	  	  	  	  1.072	  	  	  	  	  0.572	  	  	  	  	  	  0.4	  	  	  	  	  	  1.854	  	  	  	  0.4898	  	  	  	  	  337.9	  




D.11 - 15B Modulus Test Data 
IPC	  	  	  	  Universal	  Testing	  Machine	  (UTM	  V2.27)	  
	  [_005]	  V1.07	  5-­‐Pulse	  Indirect	  Tensile	  Modulus	  Test	  
	  
Monday	  September	  16	  
	  2013	  	  1:55	  
PM	  
	   	  
	   	   	   	   	  	  	  	  	  	  	  specimen	  identification:	  15B	  	  
	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  P.NEUMANN	  THESIS	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  TESTED:	  16/09/13	   	  PN	  	  	  	  	  
	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  PAT	  2	  15%	  RAP	  	  
	  	  	  	  	  	  	  	  	  	  specimen	  length	  (mm):	  68.9	  	  
	   	  	  	  	  	  	  	  	  specimen	  diameter	  (mm):	  100.4	  	  
	   	  	  	  	  	  	  	  	  	  condition	  pulse	  count:	  5	  	  
	   	  	  	  condition	  pulse	  period	  (ms):	  2000	  	  
	   	  	  	  	  	  	  	  	  test	  pulse	  period	  (ms):	  3000	  	  
	   	  	  	  	  rise	  time	  [23ms	  ...	  100ms]:	  40	  	  
	   	  	  	  	  	  	  	  estimated	  modulus	  (MPa):	  5000	  	  
	   	  	  target	  resilient	  strain	  (æî):	  50	  	  
	   	  	  	  	  	  	  estimated	  Poissons	  ratio:	  0.40	  	  
	   	  	  	  	  	  force	  load	  cell	  cal	  index:	  6	  	  [	  Force	  Load	  Cell	  #2	  	  	  	  STC-­‐2000/E25027	  	  ]	  
	  	  	  	  	  radial	  LVDT	  #1	  cal	  index:	  12	  [	  Indirect	  Tensile	  LVDT_1	  	  GTX1000/2454	  	  ]	  
	  	  	  	  	  radial	  LVDT	  #2	  cal	  index:	  13	  [	  Indirect	  Tensile	  LVDT_2	  	  GTX1000/2453	  	  ]	  
	  	  	  core	  temperature	  cal	  index:	  1	  	  [	  Core	  Temperature	  	  PT100/50	  ]	  	  	  	  	  	  	  	  	  	  
	  	  	  skin	  temperature	  cal	  index:	  2	  	  [	  Skin	  Temperature	  	  PT100/49	  ]	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  archive	  binary	  file	  name:	  C:\UTM_2\2008MOD\15B.BIN	  	  
	  	  ASCII	  output	  data	  file	  name:	  C:\UTM_2\2008MOD\15B.CSV	  	  
	  	  	  	  	  test	  variant	  description:	  Std	  Modulus	  Setup	  (Change	  Est.	  Modulus)	  	  
	  	  	  measured	  temperatures	  (øC):	  Core=25.4	  	  	  	  Skin=25.5	  
	  	  conditioning	  pulses	  counted:	  5	  
	   	  
	   	   	   	   	  Pulse	  	  	  Force	  	  	  	  Tot	  Recov	  	  Tensile	  RiseTime	  	  	  LoadTime	  	  	  Delay	  	  	  	  Resilient	  
	  No.	  	  	  	  	  (N)	  	  	  	  	  	  Strain	  	  	  	  Stress	  	  10%__90%	  	  	  	  	  0__0	  	  	  	  	  at	  90%	  	  	  	  Modulus	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (æî)	  	  	  	  	  	  (kPa)	  	  	  	  (ms)	  	  	  	  	  	  	  (ms)	  	  	  	  	  	  (ms)	  	  	  	  	  	  (MPa)	  
	  	  1	  	  	  	  	  1552.6	  	  	  	  	  19.09	  	  	  	  	  142.8	  	  	  	  	  41	  	  	  	  	  	  	  	  123	  	  	  	  	  	  	  	  	  6	  	  	  	  	  	  	  	  7874	  
	  	  2	  	  	  	  	  1542.9	  	  	  	  	  19.63	  	  	  	  	  141.9	  	  	  	  	  41	  	  	  	  	  	  	  	  125	  	  	  	  	  	  	  	  	  7	  	  	  	  	  	  	  	  7611	  
	  	  3	  	  	  	  	  1555.1	  	  	  	  	  21.47	  	  	  	  	  143.1	  	  	  	  	  41	  	  	  	  	  	  	  	  122	  	  	  	  	  	  	  	  	  8	  	  	  	  	  	  	  	  7012	  
	  	  4	  	  	  	  	  1542.9	  	  	  	  	  21.21	  	  	  	  	  141.9	  	  	  	  	  41	  	  	  	  	  	  	  	  122	  	  	  	  	  	  	  	  	  9	  	  	  	  	  	  	  	  7043	  
	  	  5	  	  	  	  	  1559.9	  	  	  	  	  21.75	  	  	  	  	  143.5	  	  	  	  	  43	  	  	  	  	  	  	  	  125	  	  	  	  	  	  	  	  	  9	  	  	  	  	  	  	  	  6943	  
mean	  	  	  	  1550.7	  	  	  	  	  20.63	  	  	  	  	  142.7	  	  	  	  	  41.4	  	  	  	  	  	  123.4	  	  	  	  	  	  	  7.8	  	  	  	  	  	  7297	  
	  SD	  	  	  	  	  6.7688	  	  	  	  	  1.066	  	  	  	  	  0.622	  	  	  	  	  	  0.8	  	  	  	  	  	  1.356	  	  	  	  1.1661	  	  	  	  	  374.8	  




D.12 - 15C Modulus Test Data 
IPC	  	  	  	  Universal	  Testing	  Machine	  (UTM	  V2.27)	  
	  [_005]	  V1.07	  5-­‐Pulse	  Indirect	  Tensile	  Modulus	  Test	  
	  
Monday	  September	  16	  
	  2013	  	  2:08	  
PM	  
	   	  
	   	   	   	   	  	  	  	  	  	  	  specimen	  identification:	  15C	  	  
	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  P.NEUMANN	  THESIS	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  TESTED:	  16/09/13	   	  PN	  	  	  	  	  
	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  PAT	  3	  15%	  RAP	  	  
	  	  	  	  	  	  	  	  	  	  specimen	  length	  (mm):	  67.5	  	  
	   	  	  	  	  	  	  	  	  specimen	  diameter	  (mm):	  100.3	  	  
	   	  	  	  	  	  	  	  	  	  condition	  pulse	  count:	  5	  	  
	   	  	  	  condition	  pulse	  period	  (ms):	  2000	  	  
	   	  	  	  	  	  	  	  	  test	  pulse	  period	  (ms):	  3000	  	  
	   	  	  	  	  rise	  time	  [23ms	  ...	  100ms]:	  40	  	  
	   	  	  	  	  	  	  	  estimated	  modulus	  (MPa):	  5000	  	  
	   	  	  target	  resilient	  strain	  (æî):	  50	  	  
	   	  	  	  	  	  	  estimated	  Poissons	  ratio:	  0.40	  	  
	   	  	  	  	  	  force	  load	  cell	  cal	  index:	  6	  	  [	  Force	  Load	  Cell	  #2	  	  	  	  STC-­‐2000/E25027	  	  ]	  
	  	  	  	  	  radial	  LVDT	  #1	  cal	  index:	  12	  [	  Indirect	  Tensile	  LVDT_1	  	  GTX1000/2454	  	  ]	  
	  	  	  	  	  radial	  LVDT	  #2	  cal	  index:	  13	  [	  Indirect	  Tensile	  LVDT_2	  	  GTX1000/2453	  	  ]	  
	  	  	  core	  temperature	  cal	  index:	  1	  	  [	  Core	  Temperature	  	  PT100/50	  ]	  	  	  	  	  	  	  	  	  	  
	  	  	  skin	  temperature	  cal	  index:	  2	  	  [	  Skin	  Temperature	  	  PT100/49	  ]	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  archive	  binary	  file	  name:	  C:\UTM_2\2008MOD\15C.BIN	  	  
	  	  ASCII	  output	  data	  file	  name:	  C:\UTM_2\2008MOD\15C.CSV	  	  
	  	  	  	  	  test	  variant	  description:	  Std	  Modulus	  Setup	  (Change	  Est.	  Modulus)	  	  
	  	  	  measured	  temperatures	  (øC):	  Core=25.5	  	  	  	  Skin=25.6	  
	  	  conditioning	  pulses	  counted:	  5	  
	   	  
	   	   	   	   	  Pulse	  	  	  Force	  	  	  	  Tot	  Recov	  	  Tensile	  RiseTime	  	  	  LoadTime	  	  	  Delay	  	  	  	  Resilient	  
	  No.	  	  	  	  	  (N)	  	  	  	  	  	  Strain	  	  	  	  Stress	  	  10%__90%	  	  	  	  	  0__0	  	  	  	  	  at	  90%	  	  	  	  Modulus	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (æî)	  	  	  	  	  	  (kPa)	  	  	  	  (ms)	  	  	  	  	  	  	  (ms)	  	  	  	  	  	  (ms)	  	  	  	  	  	  (MPa)	  
	  	  1	  	  	  	  	  1593.9	  	  	  	  	  	  21.3	  	  	  	  	  149.8	  	  	  	  	  43	  	  	  	  	  	  	  	  123	  	  	  	  	  	  	  	  	  6	  	  	  	  	  	  	  	  7403	  
	  	  2	  	  	  	  	  1591.5	  	  	  	  	  22.37	  	  	  	  	  149.6	  	  	  	  	  42	  	  	  	  	  	  	  	  123	  	  	  	  	  	  	  	  	  6	  	  	  	  	  	  	  	  7040	  
	  	  3	  	  	  	  	  1586.7	  	  	  	  	  22.92	  	  	  	  	  149.2	  	  	  	  	  42	  	  	  	  	  	  	  	  120	  	  	  	  	  	  	  	  	  8	  	  	  	  	  	  	  	  6849	  
	  	  4	  	  	  	  	  1591.5	  	  	  	  	  	  22.9	  	  	  	  	  149.6	  	  	  	  	  43	  	  	  	  	  	  	  	  121	  	  	  	  	  	  	  	  	  6	  	  	  	  	  	  	  	  6875	  
	  	  5	  	  	  	  	  1589.1	  	  	  	  	  23.72	  	  	  	  	  149.4	  	  	  	  	  43	  	  	  	  	  	  	  	  124	  	  	  	  	  	  	  	  	  8	  	  	  	  	  	  	  	  6628	  
mean	  	  	  	  1590.5	  	  	  	  	  22.64	  	  	  	  	  149.5	  	  	  	  	  42.6	  	  	  	  	  	  122.2	  	  	  	  	  	  	  6.8	  	  	  	  	  	  6959	  
	  SD	  	  	  	  	  2.4779	  	  	  	  	  0.797	  	  	  	  	  0.233	  	  	  	  0.489	  	  	  	  	  	  1.469	  	  	  	  0.9797	  	  	  	  	  257.6	  




D.13 - 30A Modulus Test Data 
IPC	  	  	  	  Universal	  Testing	  Machine	  (UTM	  V2.27)	  
	  [_005]	  V1.07	  5-­‐Pulse	  Indirect	  Tensile	  Modulus	  Test	  
	  
Monday	  September	  16	  
	  2013	  	  2:21	  
PM	  
	   	  
	   	   	   	   	  	  	  	  	  	  	  specimen	  identification:	  30A	  	  
	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  P.NEUMANN	  THESIS	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  TESTED:	  16/09/13	   	  PN	  	  	  	  	  
	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  PAT	  1	  30%	  RAP	  	  
	  	  	  	  	  	  	  	  	  	  specimen	  length	  (mm):	  68.2	  	  
	   	  	  	  	  	  	  	  	  specimen	  diameter	  (mm):	  100.2	  	  
	   	  	  	  	  	  	  	  	  	  condition	  pulse	  count:	  5	  	  
	   	  	  	  condition	  pulse	  period	  (ms):	  2000	  	  
	   	  	  	  	  	  	  	  	  test	  pulse	  period	  (ms):	  3000	  	  
	   	  	  	  	  rise	  time	  [23ms	  ...	  100ms]:	  40	  	  
	   	  	  	  	  	  	  	  estimated	  modulus	  (MPa):	  5000	  	  
	   	  	  target	  resilient	  strain	  (æî):	  50	  	  
	   	  	  	  	  	  	  estimated	  Poissons	  ratio:	  0.40	  	  
	   	  	  	  	  	  force	  load	  cell	  cal	  index:	  6	  	  [	  Force	  Load	  Cell	  #2	  	  	  	  STC-­‐2000/E25027	  	  ]	  
	  	  	  	  	  radial	  LVDT	  #1	  cal	  index:	  12	  [	  Indirect	  Tensile	  LVDT_1	  	  GTX1000/2454	  	  ]	  
	  	  	  	  	  radial	  LVDT	  #2	  cal	  index:	  13	  [	  Indirect	  Tensile	  LVDT_2	  	  GTX1000/2453	  	  ]	  
	  	  	  core	  temperature	  cal	  index:	  1	  	  [	  Core	  Temperature	  	  PT100/50	  ]	  	  	  	  	  	  	  	  	  	  
	  	  	  skin	  temperature	  cal	  index:	  2	  	  [	  Skin	  Temperature	  	  PT100/49	  ]	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  archive	  binary	  file	  name:	  C:\UTM_2\2008MOD\30A.BIN	  	  
	  	  ASCII	  output	  data	  file	  name:	  C:\UTM_2\2008MOD\30A.CSV	  	  
	  	  	  	  	  test	  variant	  description:	  Std	  Modulus	  Setup	  (Change	  Est.	  Modulus)	  	  
	  	  	  measured	  temperatures	  (øC):	  Core=25.5	  	  	  	  Skin=25.7	  
	  	  conditioning	  pulses	  counted:	  5	  
	   	  
	   	   	   	   	  Pulse	  	  	  Force	  	  	  	  Tot	  Recov	  	  Tensile	  RiseTime	  	  	  LoadTime	  	  	  Delay	  	  	  	  Resilient	  
	  No.	  	  	  	  	  (N)	  	  	  	  	  	  Strain	  	  	  	  Stress	  	  10%__90%	  	  	  	  	  0__0	  	  	  	  	  at	  90%	  	  	  	  Modulus	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (æî)	  	  	  	  	  	  (kPa)	  	  	  	  (ms)	  	  	  	  	  	  	  (ms)	  	  	  	  	  	  (ms)	  	  	  	  	  	  (MPa)	  
	  	  1	  	  	  	  	  1572.1	  	  	  	  	  29.02	  	  	  	  	  146.4	  	  	  	  	  42	  	  	  	  	  	  	  	  125	  	  	  	  	  	  	  	  	  7	  	  	  	  	  	  	  	  5310	  
	  	  2	  	  	  	  	  1569.6	  	  	  	  	  31.67	  	  	  	  	  146.2	  	  	  	  	  42	  	  	  	  	  	  	  	  123	  	  	  	  	  	  	  	  	  8	  	  	  	  	  	  	  	  4858	  
	  	  3	  	  	  	  	  1574.5	  	  	  	  	  31.94	  	  	  	  	  146.6	  	  	  	  	  44	  	  	  	  	  	  	  	  120	  	  	  	  	  	  	  	  	  6	  	  	  	  	  	  	  	  4831	  
	  	  4	  	  	  	  	  1567.2	  	  	  	  	  32.75	  	  	  	  	  146.0	  	  	  	  	  43	  	  	  	  	  	  	  	  123	  	  	  	  	  	  	  	  	  7	  	  	  	  	  	  	  	  4691	  
	  	  5	  	  	  	  	  1564.8	  	  	  	  	  32.45	  	  	  	  	  145.7	  	  	  	  	  43	  	  	  	  	  	  	  	  120	  	  	  	  	  	  	  	  	  6	  	  	  	  	  	  	  	  4726	  
mean	  	  	  	  1569.6	  	  	  	  	  31.57	  	  	  	  	  146.2	  	  	  	  	  42.8	  	  	  	  	  	  122.2	  	  	  	  	  	  	  6.8	  	  	  	  	  	  4883	  
	  SD	  	  	  	  	  3.4363	  	  	  	  	  1.328	  	  	  	  	  	  0.32	  	  	  	  0.748	  	  	  	  	  	  1.939	  	  	  	  0.7483	  	  	  	  	  222.3	  




D.14 - 30B Modulus Test Data 
IPC	  	  	  	  Universal	  Testing	  Machine	  (UTM	  V2.27)	  
	  [_005]	  V1.07	  5-­‐Pulse	  Indirect	  Tensile	  Modulus	  Test	  
	  
Monday	  September	  16	  
	  2013	  	  2:31	  
PM	  
	   	  
	   	   	   	   	  	  	  	  	  	  	  specimen	  identification:	  30B	  	  
	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  P.NEUMANN	  THESIS	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  TESTED:	  16/09/13	   	  PN	  	  	  	  	  
	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  PAT	  2	  30%	  RAP	  	  
	  	  	  	  	  	  	  	  	  	  specimen	  length	  (mm):	  68.8	  	  
	   	  	  	  	  	  	  	  	  specimen	  diameter	  (mm):	  101.2	  	  
	   	  	  	  	  	  	  	  	  	  condition	  pulse	  count:	  5	  	  
	   	  	  	  condition	  pulse	  period	  (ms):	  2000	  	  
	   	  	  	  	  	  	  	  	  test	  pulse	  period	  (ms):	  3000	  	  
	   	  	  	  	  rise	  time	  [23ms	  ...	  100ms]:	  40	  	  
	   	  	  	  	  	  	  	  estimated	  modulus	  (MPa):	  5000	  	  
	   	  	  target	  resilient	  strain	  (æî):	  50	  	  
	   	  	  	  	  	  	  estimated	  Poissons	  ratio:	  0.40	  	  
	   	  	  	  	  	  force	  load	  cell	  cal	  index:	  6	  	  [	  Force	  Load	  Cell	  #2	  	  	  	  STC-­‐2000/E25027	  	  ]	  
	  	  	  	  	  radial	  LVDT	  #1	  cal	  index:	  12	  [	  Indirect	  Tensile	  LVDT_1	  	  GTX1000/2454	  	  ]	  
	  	  	  	  	  radial	  LVDT	  #2	  cal	  index:	  13	  [	  Indirect	  Tensile	  LVDT_2	  	  GTX1000/2453	  	  ]	  
	  	  	  core	  temperature	  cal	  index:	  1	  	  [	  Core	  Temperature	  	  PT100/50	  ]	  	  	  	  	  	  	  	  	  	  
	  	  	  skin	  temperature	  cal	  index:	  2	  	  [	  Skin	  Temperature	  	  PT100/49	  ]	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  archive	  binary	  file	  name:	  C:\UTM_2\2008MOD\30B.BIN	  	  
	  	  ASCII	  output	  data	  file	  name:	  C:\UTM_2\2008MOD\30B.CSV	  	  
	  	  	  	  	  test	  variant	  description:	  Std	  Modulus	  Setup	  (Change	  Est.	  Modulus)	  	  
	  	  	  measured	  temperatures	  (øC):	  Core=25.6	  	  	  	  Skin=25.7	  
	  	  conditioning	  pulses	  counted:	  5	  
	   	  
	   	   	   	   	  Pulse	  	  	  Force	  	  	  	  Tot	  Recov	  	  Tensile	  RiseTime	  	  	  LoadTime	  	  	  Delay	  	  	  	  Resilient	  
	  No.	  	  	  	  	  (N)	  	  	  	  	  	  Strain	  	  	  	  Stress	  	  10%__90%	  	  	  	  	  0__0	  	  	  	  	  at	  90%	  	  	  	  Modulus	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (æî)	  	  	  	  	  	  (kPa)	  	  	  	  (ms)	  	  	  	  	  	  	  (ms)	  	  	  	  	  	  (ms)	  	  	  	  	  	  (MPa)	  
	  	  1	  	  	  	  	  1623.1	  	  	  	  	  33.45	  	  	  	  	  148.4	  	  	  	  	  43	  	  	  	  	  	  	  	  125	  	  	  	  	  	  	  	  	  9	  	  	  	  	  	  	  	  4668	  
	  	  2	  	  	  	  	  1623.1	  	  	  	  	  35.83	  	  	  	  	  148.4	  	  	  	  	  43	  	  	  	  	  	  	  	  117	  	  	  	  	  	  	  	  	  7	  	  	  	  	  	  	  	  4358	  
	  	  3	  	  	  	  	  1608.5	  	  	  	  	  35.83	  	  	  	  	  147.0	  	  	  	  	  42	  	  	  	  	  	  	  	  120	  	  	  	  	  	  	  	  	  7	  	  	  	  	  	  	  	  4319	  
	  	  4	  	  	  	  	  1613.4	  	  	  	  	  37.93	  	  	  	  	  147.5	  	  	  	  	  43	  	  	  	  	  	  	  	  119	  	  	  	  	  	  	  	  	  8	  	  	  	  	  	  	  	  4092	  
	  	  5	  	  	  	  	  1603.7	  	  	  	  	  	  38.2	  	  	  	  	  146.6	  	  	  	  	  42	  	  	  	  	  	  	  	  119	  	  	  	  	  	  	  	  10	  	  	  	  	  	  	  	  4039	  
mean	  	  	  	  1614.4	  	  	  	  	  36.25	  	  	  	  	  147.6	  	  	  	  	  42.6	  	  	  	  	  	  120.0	  	  	  	  	  	  	  8.2	  	  	  	  	  	  4295	  
	  SD	  	  	  	  	  7.7755	  	  	  	  	  1.721	  	  	  	  	  	  0.71	  	  	  	  0.489	  	  	  	  	  	  2.683	  	  	  	  1.1661	  	  	  	  	  223.9	  




D.15 - 30C Modulus Test Data 
IPC	  	  	  	  Universal	  Testing	  Machine	  (UTM	  V2.27)	  
	  [_005]	  V1.07	  5-­‐Pulse	  Indirect	  Tensile	  Modulus	  Test	  
	  
Monday	  September	  16	  
	  2013	  	  2:41	  
PM	  
	   	  
	   	   	   	   	  	  	  	  	  	  	  specimen	  identification:	  30C	  	  
	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  P.NEUMANN	  THESIS	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  TESTED:	  16/09/13	   	  PN	  	  	  	  	  
	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  PAT	  3	  30%	  RAP	  	  
	  	  	  	  	  	  	  	  	  	  specimen	  length	  (mm):	  68.2	  	  
	   	  	  	  	  	  	  	  	  specimen	  diameter	  (mm):	  100.4	  	  
	   	  	  	  	  	  	  	  	  	  condition	  pulse	  count:	  5	  	  
	   	  	  	  condition	  pulse	  period	  (ms):	  2000	  	  
	   	  	  	  	  	  	  	  	  test	  pulse	  period	  (ms):	  3000	  	  
	   	  	  	  	  rise	  time	  [23ms	  ...	  100ms]:	  40	  	  
	   	  	  	  	  	  	  	  estimated	  modulus	  (MPa):	  5000	  	  
	   	  	  target	  resilient	  strain	  (æî):	  50	  	  
	   	  	  	  	  	  	  estimated	  Poissons	  ratio:	  0.40	  	  
	   	  	  	  	  	  force	  load	  cell	  cal	  index:	  6	  	  [	  Force	  Load	  Cell	  #2	  	  	  	  STC-­‐2000/E25027	  	  ]	  
	  	  	  	  	  radial	  LVDT	  #1	  cal	  index:	  12	  [	  Indirect	  Tensile	  LVDT_1	  	  GTX1000/2454	  	  ]	  
	  	  	  	  	  radial	  LVDT	  #2	  cal	  index:	  13	  [	  Indirect	  Tensile	  LVDT_2	  	  GTX1000/2453	  	  ]	  
	  	  	  core	  temperature	  cal	  index:	  1	  	  [	  Core	  Temperature	  	  PT100/50	  ]	  	  	  	  	  	  	  	  	  	  
	  	  	  skin	  temperature	  cal	  index:	  2	  	  [	  Skin	  Temperature	  	  PT100/49	  ]	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  archive	  binary	  file	  name:	  C:\UTM_2\2008MOD\30C.BIN	  	  
	  	  ASCII	  output	  data	  file	  name:	  C:\UTM_2\2008MOD\30C.CSV	  	  
	  	  	  	  	  test	  variant	  description:	  Std	  Modulus	  Setup	  (Change	  Est.	  Modulus)	  	  
	  	  	  measured	  temperatures	  (øC):	  Core=25.5	  	  	  	  Skin=25.6	  
	  	  conditioning	  pulses	  counted:	  5	  
	   	  
	   	   	   	   	  Pulse	  	  	  Force	  	  	  	  Tot	  Recov	  	  Tensile	  RiseTime	  	  	  LoadTime	  	  	  Delay	  	  	  	  Resilient	  
	  No.	  	  	  	  	  (N)	  	  	  	  	  	  Strain	  	  	  	  Stress	  	  10%__90%	  	  	  	  	  0__0	  	  	  	  	  at	  90%	  	  	  	  Modulus	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (æî)	  	  	  	  	  	  (kPa)	  	  	  	  (ms)	  	  	  	  	  	  	  (ms)	  	  	  	  	  	  (ms)	  	  	  	  	  	  (MPa)	  
	  	  1	  	  	  	  	  1615.8	  	  	  	  	  24.72	  	  	  	  	  150.2	  	  	  	  	  43	  	  	  	  	  	  	  	  123	  	  	  	  	  	  	  	  	  8	  	  	  	  	  	  	  	  6395	  
	  	  2	  	  	  	  	  1603.7	  	  	  	  	  26.32	  	  	  	  	  149.1	  	  	  	  	  43	  	  	  	  	  	  	  	  122	  	  	  	  	  	  	  	  	  7	  	  	  	  	  	  	  	  5960	  
	  	  3	  	  	  	  	  1601.2	  	  	  	  	  27.65	  	  	  	  	  148.8	  	  	  	  	  42	  	  	  	  	  	  	  	  123	  	  	  	  	  	  	  	  	  6	  	  	  	  	  	  	  	  5666	  
	  	  4	  	  	  	  	  1593.9	  	  	  	  	  30.29	  	  	  	  	  148.1	  	  	  	  	  43	  	  	  	  	  	  	  	  125	  	  	  	  	  	  	  	  	  9	  	  	  	  	  	  	  	  5148	  
	  	  5	  	  	  	  	  1611.0	  	  	  	  	  27.91	  	  	  	  	  149.7	  	  	  	  	  43	  	  	  	  	  	  	  	  126	  	  	  	  	  	  	  	  	  7	  	  	  	  	  	  	  	  5646	  
mean	  	  	  	  1605.1	  	  	  	  	  27.38	  	  	  	  	  149.2	  	  	  	  	  42.8	  	  	  	  	  	  123.8	  	  	  	  	  	  	  7.4	  	  	  	  	  	  5763	  
	  SD	  	  	  	  	  7.6221	  	  	  	  	  1.846	  	  	  	  	  0.708	  	  	  	  	  	  0.4	  	  	  	  	  	  1.469	  	  	  	  1.0198	  	  	  	  	  409.9	  




D.16 - 45A Modulus Test Data 
IPC	  	  	  	  Universal	  Testing	  Machine	  (UTM	  V2.27)	  
	  [_005]	  V1.07	  5-­‐Pulse	  Indirect	  Tensile	  Modulus	  Test	  
	  
Monday	  September	  16	  
	  2013	  	  2:50	  
PM	  
	   	  
	   	   	   	   	  	  	  	  	  	  	  specimen	  identification:	  45A	  	  
	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  P.NEUMANN	  THESIS	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  TESTED:	  16/09/13	   	  PN	  	  	  	  	  
	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  PAT	  1	  45%	  RAP	  	  
	  	  	  	  	  	  	  	  	  	  specimen	  length	  (mm):	  68.5	  	  
	   	  	  	  	  	  	  	  	  specimen	  diameter	  (mm):	  99.9	  	  
	   	  	  	  	  	  	  	  	  	  condition	  pulse	  count:	  5	  	  
	   	  	  	  condition	  pulse	  period	  (ms):	  2000	  	  
	   	  	  	  	  	  	  	  	  test	  pulse	  period	  (ms):	  3000	  	  
	   	  	  	  	  rise	  time	  [23ms	  ...	  100ms]:	  40	  	  
	   	  	  	  	  	  	  	  estimated	  modulus	  (MPa):	  5000	  	  
	   	  	  target	  resilient	  strain	  (æî):	  50	  	  
	   	  	  	  	  	  	  estimated	  Poissons	  ratio:	  0.40	  	  
	   	  	  	  	  	  force	  load	  cell	  cal	  index:	  6	  	  [	  Force	  Load	  Cell	  #2	  	  	  	  STC-­‐2000/E25027	  	  ]	  
	  	  	  	  	  radial	  LVDT	  #1	  cal	  index:	  12	  [	  Indirect	  Tensile	  LVDT_1	  	  GTX1000/2454	  	  ]	  
	  	  	  	  	  radial	  LVDT	  #2	  cal	  index:	  13	  [	  Indirect	  Tensile	  LVDT_2	  	  GTX1000/2453	  	  ]	  
	  	  	  core	  temperature	  cal	  index:	  1	  	  [	  Core	  Temperature	  	  PT100/50	  ]	  	  	  	  	  	  	  	  	  	  
	  	  	  skin	  temperature	  cal	  index:	  2	  	  [	  Skin	  Temperature	  	  PT100/49	  ]	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  archive	  binary	  file	  name:	  C:\UTM_2\2008MOD\45A.BIN	  	  
	  	  ASCII	  output	  data	  file	  name:	  C:\UTM_2\2008MOD\45A.CSV	  	  
	  	  	  	  	  test	  variant	  description:	  Std	  Modulus	  Setup	  (Change	  Est.	  Modulus)	  	  
	  	  	  measured	  temperatures	  (øC):	  Core=25.4	  	  	  	  Skin=25.5	  
	  	  conditioning	  pulses	  counted:	  5	  
	   	  
	   	   	   	   	  Pulse	  	  	  Force	  	  	  	  Tot	  Recov	  	  Tensile	  RiseTime	  	  	  LoadTime	  	  	  Delay	  	  	  	  Resilient	  
	  No.	  	  	  	  	  (N)	  	  	  	  	  	  Strain	  	  	  	  Stress	  	  10%__90%	  	  	  	  	  0__0	  	  	  	  	  at	  90%	  	  	  	  Modulus	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (æî)	  	  	  	  	  	  (kPa)	  	  	  	  (ms)	  	  	  	  	  	  	  (ms)	  	  	  	  	  	  (ms)	  	  	  	  	  	  (MPa)	  
	  	  1	  	  	  	  	  1574.5	  	  	  	  	  25.07	  	  	  	  	  146.4	  	  	  	  	  42	  	  	  	  	  	  	  	  123	  	  	  	  	  	  	  	  	  7	  	  	  	  	  	  	  	  6148	  
	  	  2	  	  	  	  	  1562.4	  	  	  	  	  	  26.4	  	  	  	  	  145.3	  	  	  	  	  42	  	  	  	  	  	  	  	  125	  	  	  	  	  	  	  	  	  7	  	  	  	  	  	  	  	  5793	  
	  	  3	  	  	  	  	  1555.1	  	  	  	  	  27.48	  	  	  	  	  144.6	  	  	  	  	  43	  	  	  	  	  	  	  	  123	  	  	  	  	  	  	  	  	  8	  	  	  	  	  	  	  	  5539	  
	  	  4	  	  	  	  	  1562.4	  	  	  	  	  27.48	  	  	  	  	  145.3	  	  	  	  	  43	  	  	  	  	  	  	  	  121	  	  	  	  	  	  	  	  	  7	  	  	  	  	  	  	  	  5566	  
	  	  5	  	  	  	  	  1564.8	  	  	  	  	  27.74	  	  	  	  	  145.5	  	  	  	  	  43	  	  	  	  	  	  	  	  120	  	  	  	  	  	  	  	  	  7	  	  	  	  	  	  	  	  5521	  
mean	  	  	  	  1563.8	  	  	  	  	  26.83	  	  	  	  	  145.4	  	  	  	  	  42.6	  	  	  	  	  	  122.4	  	  	  	  	  	  	  7.2	  	  	  	  	  	  5713	  
	  SD	  	  	  	  	  6.2613	  	  	  	  	  0.995	  	  	  	  	  0.582	  	  	  	  0.489	  	  	  	  	  	  1.743	  	  	  	  	  	  	  0.4	  	  	  	  	  238.3	  




D.17 - 45B Modulus Test Data 
IPC	  	  	  	  Universal	  Testing	  Machine	  (UTM	  V2.27)	  
	  [_005]	  V1.07	  5-­‐Pulse	  Indirect	  Tensile	  Modulus	  Test	  
	  
Monday	  September	  16	  
	  2013	  	  2:59	  
PM	  
	   	  
	   	   	   	   	  	  	  	  	  	  	  specimen	  identification:	  45B	  	  
	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  P.NEUMANN	  THESIS	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  TESTED:	  16/09/13	   	  PN	  	  	  	  	  
	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  PAT	  2	  45%	  RAP	  	  
	  	  	  	  	  	  	  	  	  	  specimen	  length	  (mm):	  67.8	  	  
	   	  	  	  	  	  	  	  	  specimen	  diameter	  (mm):	  100.3	  	  
	   	  	  	  	  	  	  	  	  	  condition	  pulse	  count:	  5	  	  
	   	  	  	  condition	  pulse	  period	  (ms):	  2000	  	  
	   	  	  	  	  	  	  	  	  test	  pulse	  period	  (ms):	  3000	  	  
	   	  	  	  	  rise	  time	  [23ms	  ...	  100ms]:	  40	  	  
	   	  	  	  	  	  	  	  estimated	  modulus	  (MPa):	  5000	  	  
	   	  	  target	  resilient	  strain	  (æî):	  50	  	  
	   	  	  	  	  	  	  estimated	  Poissons	  ratio:	  0.40	  	  
	   	  	  	  	  	  force	  load	  cell	  cal	  index:	  6	  	  [	  Force	  Load	  Cell	  #2	  	  	  	  STC-­‐2000/E25027	  	  ]	  
	  	  	  	  	  radial	  LVDT	  #1	  cal	  index:	  12	  [	  Indirect	  Tensile	  LVDT_1	  	  GTX1000/2454	  	  ]	  
	  	  	  	  	  radial	  LVDT	  #2	  cal	  index:	  13	  [	  Indirect	  Tensile	  LVDT_2	  	  GTX1000/2453	  	  ]	  
	  	  	  core	  temperature	  cal	  index:	  1	  	  [	  Core	  Temperature	  	  PT100/50	  ]	  	  	  	  	  	  	  	  	  	  
	  	  	  skin	  temperature	  cal	  index:	  2	  	  [	  Skin	  Temperature	  	  PT100/49	  ]	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  archive	  binary	  file	  name:	  C:\UTM_2\2008MOD\45B.BIN	  	  
	  	  ASCII	  output	  data	  file	  name:	  C:\UTM_2\2008MOD\45B.CSV	  	  
	  	  	  	  	  test	  variant	  description:	  Std	  Modulus	  Setup	  (Change	  Est.	  Modulus)	  	  
	  	  	  measured	  temperatures	  (øC):	  Core=25.4	  	  	  	  Skin=25.5	  
	  	  conditioning	  pulses	  counted:	  5	  
	   	  
	   	   	   	   	  Pulse	  	  	  Force	  	  	  	  Tot	  Recov	  	  Tensile	  RiseTime	  	  	  LoadTime	  	  	  Delay	  	  	  	  Resilient	  
	  No.	  	  	  	  	  (N)	  	  	  	  	  	  Strain	  	  	  	  Stress	  	  10%__90%	  	  	  	  	  0__0	  	  	  	  	  at	  90%	  	  	  	  Modulus	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (æî)	  	  	  	  	  	  (kPa)	  	  	  	  (ms)	  	  	  	  	  	  	  (ms)	  	  	  	  	  	  (ms)	  	  	  	  	  	  (MPa)	  
	  	  1	  	  	  	  	  1567.2	  	  	  	  	  23.67	  	  	  	  	  146.7	  	  	  	  	  42	  	  	  	  	  	  	  	  124	  	  	  	  	  	  	  	  	  6	  	  	  	  	  	  	  	  6523	  
	  	  2	  	  	  	  	  1574.5	  	  	  	  	  	  25.8	  	  	  	  	  147.4	  	  	  	  	  43	  	  	  	  	  	  	  	  124	  	  	  	  	  	  	  	  	  7	  	  	  	  	  	  	  	  6012	  
	  	  3	  	  	  	  	  1581.8	  	  	  	  	  27.14	  	  	  	  	  148.0	  	  	  	  	  43	  	  	  	  	  	  	  	  123	  	  	  	  	  	  	  	  	  7	  	  	  	  	  	  	  	  5742	  
	  	  4	  	  	  	  	  1581.8	  	  	  	  	  26.88	  	  	  	  	  148.0	  	  	  	  	  43	  	  	  	  	  	  	  	  125	  	  	  	  	  	  	  	  	  7	  	  	  	  	  	  	  	  5797	  
	  	  5	  	  	  	  	  1579.4	  	  	  	  	  	  26.6	  	  	  	  	  147.8	  	  	  	  	  43	  	  	  	  	  	  	  	  123	  	  	  	  	  	  	  	  	  8	  	  	  	  	  	  	  	  5849	  
mean	  	  	  	  1576.9	  	  	  	  	  26.01	  	  	  	  	  147.6	  	  	  	  	  42.8	  	  	  	  	  	  123.8	  	  	  	  	  	  	  7.0	  	  	  	  	  	  5985	  
	  SD	  	  	  	  	  5.5409	  	  	  	  	  1.257	  	  	  	  	  0.518	  	  	  	  	  	  0.4	  	  	  	  	  	  0.748	  	  	  	  0.6324	  	  	  	  	  283.9	  




D.18 - 45C Modulus Test Data 
IPC	  	  	  	  Universal	  Testing	  Machine	  (UTM	  V2.27)	  
	  [_005]	  V1.07	  5-­‐Pulse	  Indirect	  Tensile	  Modulus	  Test	  
	  
Monday	  September	  16	  
	  2013	  	  3:09	  
PM	  
	   	  
	   	   	   	   	  	  	  	  	  	  	  specimen	  identification:	  45C	  	  
	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  P.NEUMANN	  THESIS	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  TESTED:	  16/09/13	   	  PN	  	  	  	  	  
	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  PAT	  3	  45%	  RAP	  	  
	  	  	  	  	  	  	  	  	  	  specimen	  length	  (mm):	  67.3	  	  
	   	  	  	  	  	  	  	  	  specimen	  diameter	  (mm):	  100.1	  	  
	   	  	  	  	  	  	  	  	  	  condition	  pulse	  count:	  5	  	  
	   	  	  	  condition	  pulse	  period	  (ms):	  2000	  	  
	   	  	  	  	  	  	  	  	  test	  pulse	  period	  (ms):	  3000	  	  
	   	  	  	  	  rise	  time	  [23ms	  ...	  100ms]:	  40	  	  
	   	  	  	  	  	  	  	  estimated	  modulus	  (MPa):	  5000	  	  
	   	  	  target	  resilient	  strain	  (æî):	  50	  	  
	   	  	  	  	  	  	  estimated	  Poissons	  ratio:	  0.40	  	  
	   	  	  	  	  	  force	  load	  cell	  cal	  index:	  6	  	  [	  Force	  Load	  Cell	  #2	  	  	  	  STC-­‐2000/E25027	  	  ]	  
	  	  	  	  	  radial	  LVDT	  #1	  cal	  index:	  12	  [	  Indirect	  Tensile	  LVDT_1	  	  GTX1000/2454	  	  ]	  
	  	  	  	  	  radial	  LVDT	  #2	  cal	  index:	  13	  [	  Indirect	  Tensile	  LVDT_2	  	  GTX1000/2453	  	  ]	  
	  	  	  core	  temperature	  cal	  index:	  1	  	  [	  Core	  Temperature	  	  PT100/50	  ]	  	  	  	  	  	  	  	  	  	  
	  	  	  skin	  temperature	  cal	  index:	  2	  	  [	  Skin	  Temperature	  	  PT100/49	  ]	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  archive	  binary	  file	  name:	  C:\UTM_2\2008MOD\45C.BIN	  	  
	  	  ASCII	  output	  data	  file	  name:	  C:\UTM_2\2008MOD\45C.CSV	  	  
	  	  	  	  	  test	  variant	  description:	  Std	  Modulus	  Setup	  (Change	  Est.	  Modulus)	  	  
	  	  	  measured	  temperatures	  (øC):	  Core=25.3	  	  	  	  Skin=25.4	  
	  	  conditioning	  pulses	  counted:	  5	  
	   	  
	   	   	   	   	  Pulse	  	  	  Force	  	  	  	  Tot	  Recov	  	  Tensile	  RiseTime	  	  	  LoadTime	  	  	  Delay	  	  	  	  Resilient	  
	  No.	  	  	  	  	  (N)	  	  	  	  	  	  Strain	  	  	  	  Stress	  	  10%__90%	  	  	  	  	  0__0	  	  	  	  	  at	  90%	  	  	  	  Modulus	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (æî)	  	  	  	  	  	  (kPa)	  	  	  	  (ms)	  	  	  	  	  	  	  (ms)	  	  	  	  	  	  (ms)	  	  	  	  	  	  (MPa)	  
	  	  1	  	  	  	  	  1572.1	  	  	  	  	  26.68	  	  	  	  	  148.5	  	  	  	  	  43	  	  	  	  	  	  	  	  124	  	  	  	  	  	  	  	  	  6	  	  	  	  	  	  	  	  5858	  
	  	  2	  	  	  	  	  1569.6	  	  	  	  	  28.55	  	  	  	  	  148.3	  	  	  	  	  43	  	  	  	  	  	  	  	  125	  	  	  	  	  	  	  	  	  4	  	  	  	  	  	  	  	  5467	  
	  	  3	  	  	  	  	  1572.1	  	  	  	  	  28.55	  	  	  	  	  148.5	  	  	  	  	  43	  	  	  	  	  	  	  	  125	  	  	  	  	  	  	  	  	  5	  	  	  	  	  	  	  	  5475	  
	  	  4	  	  	  	  	  1574.5	  	  	  	  	  29.35	  	  	  	  	  148.7	  	  	  	  	  42	  	  	  	  	  	  	  	  128	  	  	  	  	  	  	  	  	  8	  	  	  	  	  	  	  	  5333	  
	  	  5	  	  	  	  	  1552.6	  	  	  	  	  29.62	  	  	  	  	  146.7	  	  	  	  	  42	  	  	  	  	  	  	  	  122	  	  	  	  	  	  	  	  	  7	  	  	  	  	  	  	  	  5212	  
mean	  	  	  	  1568.2	  	  	  	  	  28.55	  	  	  	  	  148.1	  	  	  	  	  42.6	  	  	  	  	  	  124.8	  	  	  	  	  	  	  6.0	  	  	  	  	  	  5469	  
	  SD	  	  	  	  	  7.9259	  	  	  	  	  1.027	  	  	  	  	  0.749	  	  	  	  0.489	  	  	  	  	  	  1.939	  	  	  	  1.4142	  	  	  	  	  217.3	  




D.19 - 60A Modulus Test Data 
IPC	  	  	  	  Universal	  Testing	  Machine	  (UTM	  V2.27)	  
	  [_005]	  V1.07	  5-­‐Pulse	  Indirect	  Tensile	  Modulus	  Test	  
	  
Monday	  September	  16	  
	  2013	  	  3:17	  
PM	  
	   	  
	   	   	   	   	  	  	  	  	  	  	  specimen	  identification:	  60A	  	  
	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  P.NEUMANN	  THESIS	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  TESTED:	  16/09/13	   	  PN	  	  	  	  	  
	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  PAT	  1	  60%	  RAP	  	  
	  	  	  	  	  	  	  	  	  	  specimen	  length	  (mm):	  67.3	  	  
	   	  	  	  	  	  	  	  	  specimen	  diameter	  (mm):	  100.2	  	  
	   	  	  	  	  	  	  	  	  	  condition	  pulse	  count:	  5	  	  
	   	  	  	  condition	  pulse	  period	  (ms):	  2000	  	  
	   	  	  	  	  	  	  	  	  test	  pulse	  period	  (ms):	  3000	  	  
	   	  	  	  	  rise	  time	  [23ms	  ...	  100ms]:	  40	  	  
	   	  	  	  	  	  	  	  estimated	  modulus	  (MPa):	  5000	  	  
	   	  	  target	  resilient	  strain	  (æî):	  50	  	  
	   	  	  	  	  	  	  estimated	  Poissons	  ratio:	  0.40	  	  
	   	  	  	  	  	  force	  load	  cell	  cal	  index:	  6	  	  [	  Force	  Load	  Cell	  #2	  	  	  	  STC-­‐2000/E25027	  	  ]	  
	  	  	  	  	  radial	  LVDT	  #1	  cal	  index:	  12	  [	  Indirect	  Tensile	  LVDT_1	  	  GTX1000/2454	  	  ]	  
	  	  	  	  	  radial	  LVDT	  #2	  cal	  index:	  13	  [	  Indirect	  Tensile	  LVDT_2	  	  GTX1000/2453	  	  ]	  
	  	  	  core	  temperature	  cal	  index:	  1	  	  [	  Core	  Temperature	  	  PT100/50	  ]	  	  	  	  	  	  	  	  	  	  
	  	  	  skin	  temperature	  cal	  index:	  2	  	  [	  Skin	  Temperature	  	  PT100/49	  ]	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  archive	  binary	  file	  name:	  C:\UTM_2\2008MOD\60A.BIN	  	  
	  	  ASCII	  output	  data	  file	  name:	  C:\UTM_2\2008MOD\60A.CSV	  	  
	  	  	  	  	  test	  variant	  description:	  Std	  Modulus	  Setup	  (Change	  Est.	  Modulus)	  	  
	  	  	  measured	  temperatures	  (øC):	  Core=25.3	  	  	  	  Skin=25.5	  
	  	  conditioning	  pulses	  counted:	  5	  
	   	  
	   	   	   	   	  Pulse	  	  	  Force	  	  	  	  Tot	  Recov	  	  Tensile	  RiseTime	  	  	  LoadTime	  	  	  Delay	  	  	  	  Resilient	  
	  No.	  	  	  	  	  (N)	  	  	  	  	  	  Strain	  	  	  	  Stress	  	  10%__90%	  	  	  	  	  0__0	  	  	  	  	  at	  90%	  	  	  	  Modulus	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (æî)	  	  	  	  	  	  (kPa)	  	  	  	  (ms)	  	  	  	  	  	  	  (ms)	  	  	  	  	  	  (ms)	  	  	  	  	  	  (MPa)	  
	  	  1	  	  	  	  	  1550.2	  	  	  	  	  22.37	  	  	  	  	  146.3	  	  	  	  	  41	  	  	  	  	  	  	  	  120	  	  	  	  	  	  	  	  	  7	  	  	  	  	  	  	  	  6883	  
	  	  2	  	  	  	  	  1559.9	  	  	  	  	  23.44	  	  	  	  	  147.2	  	  	  	  	  42	  	  	  	  	  	  	  	  119	  	  	  	  	  	  	  	  	  8	  	  	  	  	  	  	  	  6610	  
	  	  3	  	  	  	  	  1567.2	  	  	  	  	  24.76	  	  	  	  	  147.9	  	  	  	  	  43	  	  	  	  	  	  	  	  120	  	  	  	  	  	  	  	  	  7	  	  	  	  	  	  	  	  6288	  
	  	  4	  	  	  	  	  1564.8	  	  	  	  	  24.77	  	  	  	  	  147.7	  	  	  	  	  43	  	  	  	  	  	  	  	  120	  	  	  	  	  	  	  	  	  7	  	  	  	  	  	  	  	  6275	  
	  	  5	  	  	  	  	  1572.1	  	  	  	  	  24.22	  	  	  	  	  148.4	  	  	  	  	  43	  	  	  	  	  	  	  	  122	  	  	  	  	  	  	  	  	  6	  	  	  	  	  	  	  	  6446	  
mean	  	  	  	  1562.8	  	  	  	  	  23.91	  	  	  	  	  147.5	  	  	  	  	  42.4	  	  	  	  	  	  120.2	  	  	  	  	  	  	  7.0	  	  	  	  	  	  6500	  
	  SD	  	  	  	  	  7.4339	  	  	  	  	  	  0.91	  	  	  	  	  0.701	  	  	  	  	  	  0.8	  	  	  	  	  	  0.979	  	  	  	  0.6324	  	  	  	  	  226.7	  




D.20 - 60B Modulus Test Data 
IPC	  	  	  	  Universal	  Testing	  Machine	  (UTM	  V2.27)	  
	  [_005]	  V1.07	  5-­‐Pulse	  Indirect	  Tensile	  Modulus	  Test	  
	  
Monday	  September	  16	  
	  2013	  	  3:27	  
PM	  
	   	  
	   	   	   	   	  	  	  	  	  	  	  specimen	  identification:	  60B	  	  
	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  P.NEUMANN	  THESIS	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  TESTED:	  16/09/13	   	  PN	  	  	  	  	  
	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  PAT	  2	  60%	  RAP	  	  
	  	  	  	  	  	  	  	  	  	  specimen	  length	  (mm):	  68.5	  	  
	   	  	  	  	  	  	  	  	  specimen	  diameter	  (mm):	  100.3	  	  
	   	  	  	  	  	  	  	  	  	  condition	  pulse	  count:	  5	  	  
	   	  	  	  condition	  pulse	  period	  (ms):	  2000	  	  
	   	  	  	  	  	  	  	  	  test	  pulse	  period	  (ms):	  3000	  	  
	   	  	  	  	  rise	  time	  [23ms	  ...	  100ms]:	  40	  	  
	   	  	  	  	  	  	  	  estimated	  modulus	  (MPa):	  5000	  	  
	   	  	  target	  resilient	  strain	  (æî):	  50	  	  
	   	  	  	  	  	  	  estimated	  Poissons	  ratio:	  0.40	  	  
	   	  	  	  	  	  force	  load	  cell	  cal	  index:	  6	  	  [	  Force	  Load	  Cell	  #2	  	  	  	  STC-­‐2000/E25027	  	  ]	  
	  	  	  	  	  radial	  LVDT	  #1	  cal	  index:	  12	  [	  Indirect	  Tensile	  LVDT_1	  	  GTX1000/2454	  	  ]	  
	  	  	  	  	  radial	  LVDT	  #2	  cal	  index:	  13	  [	  Indirect	  Tensile	  LVDT_2	  	  GTX1000/2453	  	  ]	  
	  	  	  core	  temperature	  cal	  index:	  1	  	  [	  Core	  Temperature	  	  PT100/50	  ]	  	  	  	  	  	  	  	  	  	  
	  	  	  skin	  temperature	  cal	  index:	  2	  	  [	  Skin	  Temperature	  	  PT100/49	  ]	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  archive	  binary	  file	  name:	  C:\UTM_2\2008MOD\60B.BIN	  	  
	  	  ASCII	  output	  data	  file	  name:	  C:\UTM_2\2008MOD\60B.CSV	  	  
	  	  	  	  	  test	  variant	  description:	  Std	  Modulus	  Setup	  (Change	  Est.	  Modulus)	  	  
	  	  	  measured	  temperatures	  (øC):	  Core=25.3	  	  	  	  Skin=25.4	  
	  	  conditioning	  pulses	  counted:	  5	  
	   	  
	   	   	   	   	  Pulse	  	  	  Force	  	  	  	  Tot	  Recov	  	  Tensile	  RiseTime	  	  	  LoadTime	  	  	  Delay	  	  	  	  Resilient	  
	  No.	  	  	  	  	  (N)	  	  	  	  	  	  Strain	  	  	  	  Stress	  	  10%__90%	  	  	  	  	  0__0	  	  	  	  	  at	  90%	  	  	  	  Modulus	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (æî)	  	  	  	  	  	  (kPa)	  	  	  	  (ms)	  	  	  	  	  	  	  (ms)	  	  	  	  	  	  (ms)	  	  	  	  	  	  (MPa)	  
	  	  1	  	  	  	  	  1586.7	  	  	  	  	  21.81	  	  	  	  	  147.0	  	  	  	  	  42	  	  	  	  	  	  	  	  120	  	  	  	  	  	  	  	  	  5	  	  	  	  	  	  	  	  7091	  
	  	  2	  	  	  	  	  1574.5	  	  	  	  	  23.15	  	  	  	  	  145.8	  	  	  	  	  41	  	  	  	  	  	  	  	  119	  	  	  	  	  	  	  	  	  8	  	  	  	  	  	  	  	  6630	  
	  	  3	  	  	  	  	  1581.8	  	  	  	  	  23.94	  	  	  	  	  146.5	  	  	  	  	  43	  	  	  	  	  	  	  	  119	  	  	  	  	  	  	  	  	  7	  	  	  	  	  	  	  	  6442	  
	  	  4	  	  	  	  	  1579.4	  	  	  	  	  22.62	  	  	  	  	  146.3	  	  	  	  	  42	  	  	  	  	  	  	  	  121	  	  	  	  	  	  	  	  	  6	  	  	  	  	  	  	  	  6807	  
	  	  5	  	  	  	  	  1576.9	  	  	  	  	  23.69	  	  	  	  	  146.1	  	  	  	  	  42	  	  	  	  	  	  	  	  123	  	  	  	  	  	  	  	  	  9	  	  	  	  	  	  	  	  6491	  
mean	  	  	  	  1579.8	  	  	  	  	  23.04	  	  	  	  	  146.3	  	  	  	  	  42.0	  	  	  	  	  	  120.4	  	  	  	  	  	  	  7.0	  	  	  	  	  	  6692	  
	  SD	  	  	  	  	  4.1804	  	  	  	  	  0.763	  	  	  	  	  0.387	  	  	  	  0.632	  	  	  	  	  	  1.496	  	  	  	  1.4142	  	  	  	  	  236.3	  




D.21 - 60C Modulus Test Data 
IPC	  	  	  	  Universal	  Testing	  Machine	  (UTM	  V2.27)	  
	  [_005]	  V1.07	  5-­‐Pulse	  Indirect	  Tensile	  Modulus	  Test	  
	  
Monday	  September	  16	  
	  2013	  	  3:36	  
PM	  
	   	  
	   	   	   	   	  	  	  	  	  	  	  specimen	  identification:	  60C	  	  
	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  P.NEUMANN	  THESIS	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  TESTED:	  16/09/13	   	  PN	  	  	  	  	  
	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  comment:	  PAT	  3	  60%	  RAP	  	  
	  	  	  	  	  	  	  	  	  	  specimen	  length	  (mm):	  67.2	  	  
	   	  	  	  	  	  	  	  	  specimen	  diameter	  (mm):	  100.2	  	  
	   	  	  	  	  	  	  	  	  	  condition	  pulse	  count:	  5	  	  
	   	  	  	  condition	  pulse	  period	  (ms):	  2000	  	  
	   	  	  	  	  	  	  	  	  test	  pulse	  period	  (ms):	  3000	  	  
	   	  	  	  	  rise	  time	  [23ms	  ...	  100ms]:	  40	  	  
	   	  	  	  	  	  	  	  estimated	  modulus	  (MPa):	  5000	  	  
	   	  	  target	  resilient	  strain	  (æî):	  50	  	  
	   	  	  	  	  	  	  estimated	  Poissons	  ratio:	  0.40	  	  
	   	  	  	  	  	  force	  load	  cell	  cal	  index:	  6	  	  [	  Force	  Load	  Cell	  #2	  	  	  	  STC-­‐2000/E25027	  	  ]	  
	  	  	  	  	  radial	  LVDT	  #1	  cal	  index:	  12	  [	  Indirect	  Tensile	  LVDT_1	  	  GTX1000/2454	  	  ]	  
	  	  	  	  	  radial	  LVDT	  #2	  cal	  index:	  13	  [	  Indirect	  Tensile	  LVDT_2	  	  GTX1000/2453	  	  ]	  
	  	  	  core	  temperature	  cal	  index:	  1	  	  [	  Core	  Temperature	  	  PT100/50	  ]	  	  	  	  	  	  	  	  	  	  
	  	  	  skin	  temperature	  cal	  index:	  2	  	  [	  Skin	  Temperature	  	  PT100/49	  ]	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  archive	  binary	  file	  name:	  C:\UTM_2\2008MOD\60C.BIN	  	  
	  	  ASCII	  output	  data	  file	  name:	  C:\UTM_2\2008MOD\60C.CSV	  	  
	  	  	  	  	  test	  variant	  description:	  Std	  Modulus	  Setup	  (Change	  Est.	  Modulus)	  	  
	  	  	  measured	  temperatures	  (øC):	  Core=25.2	  	  	  	  Skin=25.4	  
	  	  conditioning	  pulses	  counted:	  5	  
	   	  
	   	   	   	   	  Pulse	  	  	  Force	  	  	  	  Tot	  Recov	  	  Tensile	  RiseTime	  	  	  LoadTime	  	  	  Delay	  	  	  	  Resilient	  
	  No.	  	  	  	  	  (N)	  	  	  	  	  	  Strain	  	  	  	  Stress	  	  10%__90%	  	  	  	  	  0__0	  	  	  	  	  at	  90%	  	  	  	  Modulus	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (æî)	  	  	  	  	  	  (kPa)	  	  	  	  (ms)	  	  	  	  	  	  	  (ms)	  	  	  	  	  	  (ms)	  	  	  	  	  	  (MPa)	  
	  	  1	  	  	  	  	  1559.9	  	  	  	  	  21.28	  	  	  	  	  147.4	  	  	  	  	  42	  	  	  	  	  	  	  	  121	  	  	  	  	  	  	  	  	  7	  	  	  	  	  	  	  	  7292	  
	  	  2	  	  	  	  	  1545.3	  	  	  	  	  21.54	  	  	  	  	  146.1	  	  	  	  	  42	  	  	  	  	  	  	  	  122	  	  	  	  	  	  	  	  	  6	  	  	  	  	  	  	  	  7137	  
	  	  3	  	  	  	  	  1562.4	  	  	  	  	  22.61	  	  	  	  	  147.7	  	  	  	  	  43	  	  	  	  	  	  	  	  124	  	  	  	  	  	  	  	  	  5	  	  	  	  	  	  	  	  6873	  
	  	  4	  	  	  	  	  1559.9	  	  	  	  	  24.21	  	  	  	  	  147.4	  	  	  	  	  43	  	  	  	  	  	  	  	  121	  	  	  	  	  	  	  	  11	  	  	  	  	  	  	  	  6410	  
	  	  5	  	  	  	  	  1555.1	  	  	  	  	  22.33	  	  	  	  	  147.0	  	  	  	  	  43	  	  	  	  	  	  	  	  121	  	  	  	  	  	  	  	  	  4	  	  	  	  	  	  	  	  6927	  
mean	  	  	  	  1556.5	  	  	  	  	  22.39	  	  	  	  	  147.1	  	  	  	  	  42.6	  	  	  	  	  	  121.8	  	  	  	  	  	  	  6.6	  	  	  	  	  	  6928	  
	  SD	  	  	  	  	  6.0698	  	  	  	  	  	  1.03	  	  	  	  	  0.573	  	  	  	  0.489	  	  	  	  	  	  1.166	  	  	  	  2.4166	  	  	  	  	  299.0	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